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EXTRACT FROM THE AUTHOR'S PREFACE TO 
THE FIRST EDITION 

Teb present voik iras nearly completed in oonuectioD Tith tlie 
coarse of lectures given by me during the winter of 1S94-1895. It 
ia meant, first of all, for etud^ita of science; for such persons as, 
-lia,Ting completed their atndies, are already in practice; and, finally, 
for whoever is interested in electro-chemistry. I have endeavored 
to write as clearly and simply as possible, but those who have but 
slight previous knowledge must study the book carefully in order 
to obtain the greatest benefit from it. In modem electro-chemistry 
there are certain methods of conception which any one studying the 
subject must make his own, and this cannot be done without work. 

M. LB BLAMa 

Lamia, September, ues. 



AUTHOR'S PREFACE TO THE FOURTH EDITION 

Duaxsg the three years which have passed smce the appearance 
of the third edition of this boob, an abundance of work has appeared 
in the domain of eleotio-chemistrf . Th^ difficulty of inoludii^ 
all of the essentials of the science without unduly increasing the 
size of the book is oontinnally inoreaaing. I have giren my best 
effort to oreroome it. 

0p to the present there has appeared an English translation of 
the first edition, an Italian translation of the second edition, and 
a French translation of the third edition of this book. 

Shortly after the appearance of this, the fourth German edition, 
an English translation of it will be published. 

For assistance in reading the proofs, I am this time indebted to 
O. Just, Fb.D., and A. Kfinig, Dipl. Ing. I am also indebted to 
Professor Ab^g for valuable suggestions. 

U. LB BLASa 



TRAKSLATORS' PREFACE 

Thb piesMit voik is a traDalation of the fourth Oerman edition, 
and is essentially a revision and enlargement of that of the first 
German edition prepared by one of the present translators. Although 
in its preparation liie earlier traoalation has been freely used, the 
chains and additions made by Professor Le Blanc, as veil as 
minor additions introduced by the present translators, have either 
necessitated or rendered advisable the rewriting of a large part of 
the book. The additions made by the translators have been in- 
closed in brackets. 

Special attention has been given to the following: — 

Hie Notation. A consistent system of notation has been used 
throughout the book. An outline of it will be found in the Appendix. 

The Ifomendature. We have endeavored to make the nomen- 
clature conform to that of the best recent text-books of electricity 
and chemistry. 

The TUustraiiotte. Of the 62 illustrations, 26 are new ones intro- 
dnced by the translators, and 21 have been redrawn. 

Special credit is due Mrs. J. W. Brown for aid in preparing the 
manuscript and in reading the pioo&. 

W. R. WHITNBT, 
J. W. BKOWB. 



CONTENTS 



CHAPTER I 

THB FORKS OF BnTEBOT AlTD THHTH MBASTTREHHRT. 
THB FUITDAMIQTTAI. FRUVCtPI^BS BHLATIITa TO 
ELECTRICAL EZTEHOT 

Energy and its lorma 1 

Meaaorament of mechanleftl, Iieat, and electrical eneigr .... 1 

Electric omrenta and their properiiee 6 

Electromotive force, cmrent, and tesintanca 7 

Electrical eqoiT&lent of heat 16 

Electric furnace and its indnstrlal Importance 18 

Datk or sQeDt electrical discharge 28 

Electrical capadtj SI 

FoeitiTe and negative electricity. The electrometer 36 

Blecbrical meaaQrementa S7 



CHAPTER n 
OBVBLOFHEKT OF ELBCTRO-CHEHIBTBT UP TO 



Eariieat recorde of electrical phenomena 81 

Work of Q^vanl 88 

Work of Yolta. The Voltaic pile 88 

Eleotrolytlo deoompoeitlon of water 86 

Heasnrementa of the potentials of a Toltalc pile ST 

UigiaUtni of add and alkali and the difloov«ry of the alkali metaU . 38 

Biae and fall of the electrcHshemical theory of Beraelina .... 40 

Lam of electro-obemical change 4S 

BlectrcHshemical nomendatnie 44 

Derelopment of the preeenl theory (d eleotrolyala. The Orottliiu thaory . 44 

CondDotanoe of Bolntions and the conatitotlon of ions .... 46 

Beplacement of the Qrotthua theory by the Claosiiia thewy ... 47 

Halation between chemical and electrical energy I 49 



CHAPT£B m 
>HB THBORT OF BLBCTBOLTTIC DUSOOIATIOir 

The lawB and theories lelulag to osmotic preasure 68 

Abnormftlitf of adds, baaes, Knd salta. ElectrolyUc dlssoclkUon . ST 

CalculAtlon of de degree of dlotoclatlon 68 

Diaumilaritj between gaseous and electioljtlo dissotiMlou. ^e loos . 60 

Jcmiutlon aoooiding to the mateiial conoepUoD of «]«otTioit7 ... 60 

CHAPTER IV 

THB HiaSATIOir OF IONS 

^M mignrtian of Ions ...OS 

CHAPTER V 
THB COHDUCTAHCB OF BLBCTBOLTTB8 

Spedflo and eqalralent condactance 85 

Qeneral regnlaritiss 69 

A^rplication of the mass-action law to gaseous and to electiolTtio dinO' 

dalion S6 

Determination of the electrical oondnctanoe of elecbolytes. llie metbod 

of KobliaiiBch BS 

Uethod of Nemst and Haagn IH 

Calonlation of the dlraooiation ooDHtant from electrical conductance . 106 

BeUtion between disaooiation constants and chemical constitntion . , 111 

Velocity of migntion of Indifldosl ions 116 

Hie abBolnt« -relocltiee of the Ions 119 

Blectrolytic friotional Koatanoe 138 

The limited applicability of Uke Oitwald dilation law. Empirical mtes . 124 

The condnctiTity and d^ree of disBoclatlon of water 128 

SnpeiBaturated solntjons IS9 

Temperature coetBcient ISO 

Beat of diBBoeistJon 1S3 

Inflaence of pieaBuie 136 

Mixed BolaUons. IsohjdricBOhitioiia. ApplicaUonof eleoliloalcondaatiTity 

to chemical analysis 136 

Begolarity of ionlcatlon. ReaotiTity of eleobolytes 141 

Boltenta other than water. Relation between the dissociating power and 

the dielectric constant of solvents 142 

The Internal friction and conductance of organic eolTSnts .... 161 

The electilcal oondnctanoe of salts in the fased and solid stAtM . . , 16S 



Unipolar (M 

TeotmlGAl imporUiloe of eleotrioal (MmdootiTll; 166 



CHAPTER VI 

BLBCTHZCAZ. BtrDOSMOSH. BHaRATIOir OP SDBPBirDBD 
FARTICUn AIVD OF COLLOIDS. ELBCTHO-aTBHOLT- 

Bia 

Blectrlcftl eDdosmoaa. Migration of enspended pftrtiolea and of oolloids. 

Eleotro-stenolyaiB 16T 



CHAPTER Vn 



The determlnatloa of electromotive force 161 

ReveiHible and irreveiHlble cella 164 

BelUioD between chemical and electrical energy n 166 

Electrolytic aolotion pressure 176 

CalculaUon of the elMtromotive foice exJatlng at the Borfaoe of leTeraible 

elMtrodea 181 

CoDaentnition cells 184 

Different concentiaUon of the anlMtaocca which an deotromotiTely 

acUve 164 

Different concentiations of the iona 197 

CoQoentratlon doubleHsella 211 

Use of the electrometer as an Indicator in titration 310 

Liquid cells 217 

General condderation of concenti&tion and liquid cella .... 224 

Tbeimoelectrio cells — the electromotive series 238 

Chemical cells 231 

Determination of ringle potential-differences 2&t 

Inflaeooe of negative iona npon the potentlal-diflerence, Metal — metal 

ealtsolDtion 249 

Cells in which the eleotf omotively active snbstanoee are not elements 260 
Formation of potential-difference at the electrodes. Spontaneoos evolatlon 

of ojygen or hydrogen. The process of correut prodnotion . 263 

Electromotive force and chemical eqallibrlom 267 

Velocttj of ionization. Faa^lty. Catalytic inflnence . .276 

General theory of the oonrse cd the electro-chemical reaotioiiB . .281 

Elements poasesHing double natorea B84 



CHAPTER Vm 
BLBCTBOLTaiS AITO POLAHIZATION 

Metiiod of meaenriiig palarization . . 2t 

Deoomposltion values of the electromotive force, "nie hydrogen-oxygeii 

cell. Frimuy and secondary decomposition of vmter . 2t 

Import&nDe of the decomposition voltage in making electiolTtio separaUoiis 

and in preparing nev componnda 8( 

EleotrolyelB with an alternating can«nt 31 

Electrolysis without electrodes 31 

Decomposition TOltage and solabiUty Si 

CHAPTER IX 
S1JFFZ.EBCEHT. BTORAaB CHLLB OR ACCUMDXiATOBB 

Sapplement. Storage cells or aocnmulatois 3! 

APPENDIX 

noTATioir 



A TEXT-BOOK OP ELBCTBO-CHEMISTBT 



A TEXT-BOOK OF ELECTRO-CHEMISTRY 



TBB FORMS OF BITEKOT Aim 

THB FITHDAMmrTAIi FBHTCZFZiBB RHLAXIHO TO HLBO- 
TRICAL EZTBROT ^ 

Siurgj and iti Fomu. — A clear omioeption of the fnnda- 
mental prmoiplea relating to the forms of ei>eigf, espeoially of 
electrical energy, ia essential to the sncceBsfal study of electro- 
chemiBtry. For this reason, beforo beginning the study of electio- 
ehemistry proper, these principles will be considered briefly. 

Energy plays a most important part in human afCairs. When 
food 01 coal is boi^ht, it is the energy content that chiefly concerns 
the buyer. Similarly when a current of electricity is delivered to 
the oODSomer, it is the quantity of electrical energy so delivered 
that is of greatest importance and that determines the price to 
be paid. 

Energy may be subdivided into five distinct kiiida or /onu tf 
nergy; namely: — 

Mechanical BNSBaT, 

HkAI BNEaOT, 

Eleotbical enxrqt, 
Chkiiioai. emxbgt, Ajnt 

BaDIANT BirXBOT. 

These forms of energy are mutually transmatatla. 

The JCeaanrement of Kedhanieal, Heat, and Zlaertrioal XoBrgy. 
— The units used in the measurement of mechanical energy are 
grouped into two systems ; namely, the Meter-Eilogram-Honr 
(M. K. H.) System and the Centimeter-Gram-Seoond (C. G. S.) Sys- 
tem. In the former, the teobnioal, system, the unit of mechanical 
ene^y or work is that quantity of energy or work which is required to 
raise a kilogram weight one meter in height. In the oentimeter-gnui^ 
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seccmd system, which is used in all exact scientific work, the nnit of 
mechanical energy, the e^, is that qoantily of energy or work which 
is required to displace a unit of force through a onit distance. The 
nnit of force, the dyne, is defined to be that force which is required 
to produce an aooeleration of one centimeter per second in a mass of 
one gram. The relations between these units are represented by the 
following equations : — 

Force (F) in dynes = Mass (Jf) in grams X Acceleration (A) in 
centimeters per second. 

Mechanical energy {B^ in ergs » Work ( IF) in e^s = Force (F) 
in dynes x Distance (d) in centimeters. 

In scientific work, it is very important to distinguish clearly 
between mass and weight. Mass is an unchangeable property of 
matter, while weight, since it is the force with which a quantity of 
matter is drawn toward the earth's center, is a property of matter 
which varies according to the location on the earth's surface. The 
unit of mass, called the gram-mass, is defined to be equal to the 
mass of one cubic centimeter of water at four degrees,^ the tempera- 
ture of its maximum density. That mass of any other substanoe 
which, under the inflaenoe of a given force, receives the same accel- 
eration as does one cubic centimeter of water, under the influence of 
the same force, may also be taken as a imit of mass. The unit of 
weight, called the gram-weight, is defined to be that force with which 
a gram-mass is attracted toward the earth's center. Since this 
attractive force, at a latitude of 46 degrees and at sea level, pro- 
duces an acceleration of 980.6 centimeters per second in a gram-mass 
when falling freely, it is equal to 980.6 dynes. 

The relations which exist between the technical unit, the meter- 
kilt^ram, and the scientific units, the gram-centimeter, the erg, and 
the joole, are given by the followii^ equations ; — 

1 Ml Kgm. = 10* cm. gm. =. 10* x 980.6 e^ = 9.806 joules. 

With these units defined, it is now possible to measure and to 
compare various quantities of mechanical energy, or work. 

The unit of heat energy, called the calorie, is that quantify of heat 
which is required to raise one gram of water from IS" to 16° (. 

Having now defined the units for two of the energy forms, it is 
possible, with the aid of the law of the conservation of energy, to 
determine the relation between these units. By direct experiment, a 

> A> ft niBtter of tact, howcTer, the nnit of muo ii ooe thoukiidtta part ol the 
lUM o( a eert^D piece of pUtbram kept at PviM, wbldt la veiy newdj oiie thooMDd 
tlmw M great aa the above theoretical nnit. 
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known quantity of mechanical energy has been completely trant- 
fwrned into heat energy, showing the following relation between the 
onita of mechanical and those of heat enei^ : — 

.1890 X 10* ergs or ^720 cm. gms. ■<■ 1 calorie. 

This relation between the ei^ or jonle and the calorie ia called Ute 
mtcAanicai eguivaient ofJieaL 

In an analogous manner, the relations between the units of all the 
other forms of energy could be found if units for these f onns of energy 
were known. Since, however, besides mechanical and heat energy, 
only electrical energy has, at present, well-defined units, there 
remains to be considered an electrical-heat, and an eleotrioal- 
meohanical, equivalent. 

Accepting tbe transmutability of the enei^ forms without ques- 
tioning the conditions under which such transmutation takes place, 
Uie case of transference of energy betweea two systems in contact 
with each other and containing unequal quantities of the same 
form of energy will now be studied. This study will be carried out 
with two gaseous systems possessing different quantities of volume 
energy, a kind of' mechanical ene^y which may be expressed in 
terms of the mechanical units already defined. 

Let us first consider the system represented 1^ Figure 1, consist- 
ing of a gas reservoir Q closed by a weightless and frictionless pis- 
ton p, and placed in the vacuum V. 
The gas contained in the reservoir 
is now said to possess a definite vol- 
nme enei^, since it possesses the 
power of drang a definite quantity 
of work by expanding against a 
pressure. If, when the gas sup- 
ports a lOO^am weight upon the 
piston, the latter is in the position 
a, and if, upon heating the gas, 
the piston and weight are raised to 
the position b, 50 centimeters above pta. 1 

a, a weight of 100 grams is raised 

60 centimeters at the expense of the volume energy of tite ga& 
The wwk done may be expressed as follows : — 

W= 7(100 gms.) X d (50 cms.) = 6000 gm. cms. 

I^ now, the piston has a oross sectira of 100 equare centimeter^ 
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each ■qoare centimeter of it exerts a pressure of one gram od the gas. i 

Tlie gas is, then, onder a pressore of one gram per square oent^ 
meter. The volome increase, when the piston rises from a to (, 
is 6000 oalno centimeters. Hence the product of the pressure, in 
grams per square centimeter, and the Tolome, in cubic oentimeteia, 
is GOOO, a T^ne identical irith the number of gram-centimeters of { 

work done during the ezpaositm. The work done may therefore be . 

expressed as follows : — 

Work = Pressure (1 gm.) x Volume (5000 on. cm.) = 5000 gm. cm. 

Let us next consider the horizontal vessel represented in Figure 2, ' 

which is provided with a movable piston p, on one side of which ia I 

hydrogen and on the other i 

nitrogen. If, now, the ' 

two gases exert equal I 

pressure upon the piston, 
it remains motionless and 
no transference of energy | 

from one gas to the other 
takes place, although the 
energy possessed by the 
nitrogen is much greater than that possessed by the hydrogen. 
This difference in the ene^^ of the two gases can be made as great : 

as desired by increasing the volume of the nitr<^n and decreasing 
that of the hydrogen, without causing the piston to move. Hence 
it is evident that the quantity of energy possessed by the two gases ; 

does not determine whether or not a transference of energy will i 

take place between them. If, however, we decrease the volume, and ' 

thus inorease tiie density and consequently the pressure of one of | 

the gases, the piston is^at once set in motion, resulting in an expan- ! 

sion of the gas under the greatest pressure and a corresponding com- 
pression of the other. During this change, the gas undergoing 
expansion loees a definite qoantity cHE volume energy, while that j 

nnde^^iug compression gains the same quantity. When the piston 
has again come to rest, the same pressiire is exerted upon the I 

piston by each of the two gases. 7^ relative preasureM, then, and ■ 

not the relative volumeB of the tux> gases, determi/ie whether or not a I 

trantference of energy mlt taJtej^ace between the two gases. \ 

It has already been shown that the volome energy of a gas may 
be represmted as the product of two factors aooordii^ to the ' 

equatum, I 

B,=pv. \ 
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The factor p, as shown above, determines the eqoilibrium of a 
gaseous syBtem and for this reason is called Oie iiattn^faetor. Th« 
other factor v is defined by the equation, 

_£, Volnme Energy 
^~ p ™ Intensity Factor' 

It determines the quantity of volume energy for any given value 
of the intensity factory, and is called the eapaetty factor. 

A. similar resolution of several of the other forms of energy into 
two such factors has been made, which has greatly faoUitated the 
understanding of energy phenomena. In each case, the followii^ 
general eqoatloos represent the relation between the energy E, its 
intensity faetorft and its capacity or quantity factory^ 

The intensity and capacity factors of electrical enei^ B, are 
the electromotive force t and the quantity of electricity o. The 
relation between electrical energy and its factor is, then, represented 
by the equation. 



This will be made clearer in the following pages. 

Seotric Currents and their Propertiei. — On aooonnt of our 
limited sense of perception of electrical phenomena, we cannot 
comprehend them to the extent possible in the case of the 
phenomena (rf mechanical en- 
ei^. In order to comprehend —«w— 
and control them the actions and 
effects of electrical energy must 
be studied, for even the idea of 
a unit of work or of a unit of 
length, such as the meter, coold 
not be comprehended if the ac- 
tioD of a unit of work or the 
length represented b^ the meter 
had not been observed. 

Consider a vessel divided into 
two parts by means of a porous 

plate, e. g., of unglazed porcelain, as shown in Figure 3. If 
into one part of the vessel is poured a solution of copper suUat«, 
and into liie other a solution of zinc sul&te, and a rod of oopper is 
placed in the oopper sulfate solutiwi and a rod of zinc in the dno 
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Bolfate solution, we have an ammgeineut called a galranic cell. If 
now the anc and ct^iper rods, the two poles of the cell, be connected 
hj means o£ a wire, the latter becomes heated. If a magnetie needlo 
be placed near the wire, the needle is turned from its natural 
position. Tinallf, if the wire be cut, its two ends fastened to 
pieces of platinum foil, and these pieces of foil be dipped into a 
solution of copper sulfate in such a manner that they are not in 
contact with each other, it is observed that metallic copper deposits 
npon one of the pieces of platinum. 

From these observations, we must conclude that something hag 
taken place in the wire, for the wire always produces these three 
effects when connecting the zinc and copper poles of the cell and 
never produces them when disoonnected from them. Wheitever a 
wire produce* theae effects, a current of eUctrieity ia aaid to be paanng 
orjiouiing through it. 

It is conceivable that a wire might be found which, when con- 
necting the poles of a galvanic cell, would affect the magnetic 
needle but not become heated, which, therefore, would not produce all 
of the three effects stated above to be characteristic of a wire conduct- 
ing an electric current. This was formerly supposed by many to be 
true, but, aa a matter of fact, snch is not the case. From long 
experience, it is known that whenever a wire produces one of these 
three effects it always produces the other two, together with a 
number of other effects which are not of interest at this point. 
That some of these effects may be made inappreciably small does 
not contradict the above statement. 

These properties of the electric current which serve to detect its 
presence being known, it is now possible by means of suitable 
arrangements to stndy the other properties of the electric current. 
Considering i^ain the galvanic cell, if the wire la left in its former 
position with the exception that the end which was joined to the 
zinc rod is now joined to the copper rod, and the other end is now 
joined to the zinc rod, the same effects of the electric current are 
again observed with the simple difference that the magnetic needle 
is deflected in the opposite direction, and that the metallic copper is 
deposited upon the other piece of platinum. Therefore we may 
properly speak of the direction of an ^ectric current. 

Naturally, the next thing to be determined is whether the deflec- 
tion of the magnetic needle or the amount of copper deposited npon 
the platinum in a given time remains constant or varies, and, in the 
latter case, to determine upon what the variation depends. If, to 
this end, the connecting wire be lengthened, it is observed tikat Hm 
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nte of the deposiHon of copper U decreased ; while if the wiie is 
shortened, the rate is increased. We must conclude from these facts 
that the electric current hasaatrength depending upon circomstances. 
This gives us the conception of eurrent-etrength of an electrie current. 
The current^trength varies inversely as the length of the connect- 
ing wire. Therefore the wire hinders or opposes to a certain extent 
the passage of the electric current, and is said to possess a certain 
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It has now been observed that the greater the resistance of the wire, 
the less the oorreut. The question now arises whether or not it is pos- 
sible to change the current-strength without changing the resistance. 
Bxperimeut has shown 
that it is possible to thus / 
change the cunent. If, \ 
instead of using one gal- 
vanic cell, two are used, 
the zinc rod of one cell 
being connected with the 
copper rod of the other, 
as shown in Figure 4, it 
is observed that a much 
greater current is ob- * j^, ^ " 

(ained, although the re- 

aistanoe of the second cell has been added to that of (he wire ; that 
is to say, the electric current starting say at a must pass through 
the wire ae and also through the cell II before it reaches the 
pole b. The second cell acts as if it had increased the pressure or 
force by which the electric curreDt is driven through the wire. 
Consequently, we come to speak of the decMcai pressure, or electric 
moHve/<mie w of the current. 

It is assumed that the terms current, resiOance, and electromoHw 
Jorce are no longer meaningless concepts, but that they possess a real 
significance to the reader. We may, therefor^ proceed to the eca^ 
sideration of the units in which these quantities are expressed. This 
consideration will be of a much simpler nature than that by which 
the units were first established. 

UBotromotive Force, Current, and Badstanoa — The electromotiTe 
force of a galvanic e^ such as has been used in the previous discus- 
sion (called the Daniell cell, from its discoverer), when the concen- 
tration of the copper sul&te is equal to the conoeutradon of the zino 
sulfate, is defined to be 1.10 units, called Tolts. The resistance of a 
column of mercury, 106.3 centimeters in length and one square miU> 
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metec in otoaa section, at 0° I, is defined to be one onit, called an tdUD. 
Tinally, a onrrent which deposits 0.3294 milltgtam of oopper in a 
■eoond is defined to be one unit, called an anpan.' These units 
may be tabulated, briefly, as follows : — 

Unit of E. M. F. = Volt = E. M. F. of the Daniell cell + 1.10. 
Unit of current = Ampere = Current which deposits 0.33 mg. of 
copper per second. 
TTnit of resistance = Ohm = Resistance of a mercury column, 106.3 
cm. X 1 sq. mm. 

Why these particular values have been chosen as units need not be 
discussed here, for this question beloi^s more to the history of 
electrical science. 

It has already been observed that the current depends upon the 
electromotive force, on the one hand, and upon the resistance on the 
other. The assumption was made by Ohm that the current is 
directly proportional to the electromotive force and inversely pro- 
portional to the resistance. This assumption, which is also expressed 
by the equation, 

Current (c) = g Electro'^otive fore*" (') 
£«8istance (b) 

has been found t^ experiment to be universally true. In this equa- 
tion, f is a ratio Victor, depending on the units in which the cnnent, 
electromotive force, and resistance are expressed. However, the 
imita defined above are so related that if , in a circuit whose resist- 
ance is one ohm, an electromotive force of one volt exists, the cur- 
rent flowing throagh the circuit is one ampere. Consequently the 
above factor in this case is equal to unity. Hence the equation, 

Ampere = ^. 
*^ Ohm 

With the above units and their mutual relation known, it is now 
possible to consider how an unknown electromotive force or an un- 
known resistance may be determined. It is evident that the current 
in amperes may be determined by simply finding the number of 
milligrams of copper deposited by the current in one second and 
dividing by the number of milligrams of copper deposited in the 

* TheM terms, volt, ohm, ampere, eovlomb, farad (the Urt two tenns will 
be ezpUlned later), lutve been derived from the nuaes of the following pioneers 
el elaotiieil aeieiwe : TolU, Olun, Ampbn, Coolomb, and Fendar, 
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mne time b; a current of one ampeie,' namely, by 0.^94. This is 
also expreased by the equation, 

fin ampeieBl = milligrama of copper depoaited per seoond 
^ *^ ■' 0.32W 

The reaistanoe of the circuit may now be determined by conoeot- 
ing it to the poles of a Daniell cell and meaaaring the onrrent pro- 
dnced by it in the manner just outlined. If the current ia fonnd to 
be 0.001 ampeie, then, since the eleotromotiTe force of the Daniell 
cell is equal to 1.10 Tolts, the resistance maj be calculated by means 
of Ohm's law as follows : 



Then, by snbstitntion of nonerical for literal valoe^ 

^^-^^1^^-^1100 ohms. 
0.001 ampere 

IliuJIy, an onknown electromotive force may be determined by 
introdncing it in the abore clrciiit in place of tiie Daniell cell, the 
resistance of the circuit remaining unchanged, and again measuring 
the current produced in the circuit. If, in this case, the current is 
found to be equal to 0.01 ampere, then, since the resistanoe of the 
dnuit is known to be 1100 ohms, the electromotive force may be 
calculated as follows : — 



Then by sabetitution of numerical for literal values, — 

v= 0.01 ampere x 1100 ohms = 11 volts. 

In order to obtain a still clearer conception of the electric current, 
let us consider its analogy to a stream of water. The electromotive 
force or electrical pressure corresponds to the pressure of the water, 
the electrical resistance offered by the conductor of electricity to the 
finctional resistance offered by the conductor of water, and the 
strength of the electric current to that of the current of water. 
When a certain current of water is spoken of, it is meant that, in a 
unit of time, a certain quantity of water pauea through a cnm 
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seoticm of the oondaotor. A unit for water carreots has not been 
established for Bcientific use, bat aaoh a ounent aa would canse one 
enbic meter of water to pass throii^h a cross section in one second 
m^ht, for example, be considered to be such a unit. 

Just as we speak of the quantity of water in a water current, so 
we may also epeak of the quantity of electricity in the electric 
current, without necessarily imagining the electricity to be of a 
material nature. Accordingly, when a current of electricity of one 
ampere is flowing in a conductor, it is proper to say that a unit 
quantity of electricity passes through a cross section of the conduc- 
tor in one second. This unit of quantity of electricity is called the 
ooalomb. The total quantity of electricity which passes through a 
cross section of a conductor is, then, equal to the product of the 
current by the time during which the current passes. This is ex- 
pressed by the following equation : — 

Quantity of electricity, in coulombs = 

Current, in amperes, X Time, in seconds. 
In electrical science, it is usual to distinguish between electro- 
motive force and potential or voltage (potentaal-difference or 
Toltage-difFerence). The term deelwmotive farce is applied to the 
potential-fall in a cell, which remains a constant value as long as 
the cell remains constant. It may be compared with the original, 
constant pressure which forces a quantity of water throi^h a pipe. 
The term potential, or voltage, is applied to the variable electrical 
pressure which is found at different points along a conductor. The 
distinction between these two terms will be made deajer in the 
following pages. 

In most courses in physics, the following experiment is per* 
formed: Water, 
under a certain 
presBure, is driven 
through a narrow, 
horizontal tube of 
uniform bore, upon 
which ore a num- 
ber of upright 
manometer tubes, 
^P as shown in Fig> 
me 6. 

"*" - The height of 

the mtv in eadi of the nprij^ tnbea ia a measure of the pressure 
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with which the water is being driveti through the horizontal tabe 
at that pcdnt. ConBidering the tube from a to 6, it is seen that the 
pTOBeore of the water decreaseB in a regular manner from p, to p'^, 
and that with the latter presgare the water leaves the tube. Cor- 
responding to the decrease in pressure along the tube oft, there is a 
decrease in the quantity of. work which can be obtained when a 
given quantity of water flows through the tube, as will be evident 
from the f ollowii^ disonssion ; — 

The quantity of work which can be obtained from a given quan- 
ti^ of water Q„, leaving the reservoir at the point a or c, under 
a pressure p, per square centimeter, is equal to Q.p,. But the 
quantity of work which can be obtained from the same quantity of 
water leaving the tube ab at b, under a pressure p'. per square 
centimeter, is equal to 0.^'^. Hence the quantity of water Q„, in 
moving through the tube from a to &, has decreased its power to do 
work from Cp. to Q,p'„, and the quantity of energy Q.p. — Qj>'„ 
or Q-Cp» — p'«) has, therefore, been consumed in overcoming the 
resistance which the tube offers to the passage of the water. This 
quantity of energy has been changed into heat, which has been 
absorbed by the surroundings and consequently lost. From this it 
is evident how much depends upon the size of the conducting tube ; 
for the greater the size of the tube the less is the resistance which it 
offers to the passage of a given quantity of water, and ecmsequently 
the greater the quantity of avulable work at its exit. 

Similar relations are found in the case of the electric cnrrent, as 
vrill at once be shown. OooBider the wire AB, shown in Figure 6, 
which represents a com- 
plete electric circuit in ^^■.^ 
the form of a straight | **»^ 
line. Just as the prea- i ***■., 

sure of the water at j '"^^^ 

difFerent points along 
the conducting tube was 
measured by means of 
cpright manometer 
tubes, BO the tension or 
potential of the electric- 

i^ aloi^ the conductang ^i^ ^ 

wire can be measured by 

an electrometer, an instroment which will be described later on. 
In this manner the potential at the point A (which is identical with 
the electromotive foroe of the mnmit) is foood to be r, and at the 
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point £ to be zero, when B is cotmeoted to the earth by a oondnotor. 
Fort^ermore, just as in the case of the water flowing through the 
horizontal tube, the quantity of work which can be obtained at the 
point A from a quantity of electricity q, at a potential or under an 
electrical preasnre v, is equal to Fa. Similarly, the quantity of work 
whioh can be obtained at the point B from the same quantity of 
electricity at a potential, or under an electrical presaore Fg, is equal 
to FoQ, or zero, since r. is equal to zero. Henc« the quantity of 
electricity g, in flowing through the wire from A to B, has de- 
creased its power of doing work from fq to f^q, or to zero, and 
therefore the entire electrical energy fq has been changed into 
heat in overcoming the resistance which the wire offers to the pas- 
sage of the electricity. The heat has disappeared into the sur- 
roundings. The same is true of every electrical circuit in which no 
work is done. 

If now work is caused to be done, as, for example, in the decom- 
position of a solution, at some point in the circuit almost the entire 
electrical energy can be 
."""-——_ transformed into useful 

"v work; and, moreover, it 

■ is entirely immaterial at 

what point of the circuit 
the work is done. Only 
\ a small part of the en- 

'le* B'Syj depending upon 

_r~- — , the material and sec- 

■^^o tional area of the cir- 
^ cult, is lost as heat to 
the surroundings. A cir- 
cuit in which the elec- 
tric energy is nearly completely Ixansformed into work is repre- 
sented in Figure 7, where ttie wire circuit ACB is cut to admit the 
electrolytic cell at the point 0. Along the resulting circuit ^ to B 
the electrometer ^ves the fall in potential as represented in the 
figure by the dotted line, showing that the fall takes place almost 
entirely where the work is being done in decomposing the solution. 
The fail in potential in the same circuit when but one half of the 
total electrical energy fq is transformed into work is represented in 
Figures. 

It is evident, then, that, in an electric circuit, electrical ener^ may 
be entirely transformed into heat, or into varying proportions of heat 
and work, depending upon the nature and arrangement of the eirciiit. 
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III UL entirely anali^oiu mannet, the energy possessed by the 
mter, in the case already considered, may be almost entirely tnms- 
fonned into heat as has 
been shown, or it may be 
almost entirely trans- 
formed into work, for, 
if the tube be closed at 
the point b, the pres- 
sure at that point at 
once rises, as shown in 
Figure 9, from p'^ to p^ 
and the maximum quan- 
tity of energy, p^Q„ 
may then be obtained 
at 6 and transformed 
into work as desired. The current of water differs from the cur- 
rent of electricity in that the former may leave its oondnotor while 
still in possession of a certain amount of kinetic energy. This 
property is not possessed by the latter current. 






MiLth 



The fall of potential throughout any galvanio oirouit may be pre- 
sented 1^ the method just employed. If no work is done in the cir- 
cnit and if the resistance of the circuit is uniform throughout, the 
potential falls regularly from its highest value at one end to its low- 
est value, zero, at the other, as represented in I^guie 6. If, however, 
work ia done at some point in the circuit requiring a certain quantity 
of electrical energy and consequently a certain potential, the poten- 
tial falls by a definite amount at the point where the work is done. 
Supposing this fall in potential to be equal to r, then the remaining 
potential v — r' decreases regularly throughout the rest of the circuit 
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u represented in Fignze 7. If, finally, tlie oucnit does not poeaaaa 
the same redstanoe in ereiy part^ the fall in poteAtiai in each part i» 
pnportioiud to Oartaitt- 
ance. Consider, for in- 
stance, tbe cirooit rep- 
resented in Fignie 10, 
where the resistaoce of 
AB is twice as great as 
that of BC and four 
times as great as that 
of CD. 
As shown in the fig- 
'^^ F, nre, the fall in potential 
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IP along AB is twice as 



* great as that along BC, 
and four times as great 
as that along CD. This relation between the fall in potential in a 
conductor and its resistance follows of necessity from Ohm's law, 
which holds for the whole circuit as it does for each part, as will 
now be shown. In applying the equatioa which expresses Ohm's 
law, — 



to any part of a cirooit, the Talne of v is the difference of potential 
between the two ends of that part, and the value of b is the resistance 
of the part Hence in the case represented by Figure 10 the 
following equations are true, since the current is the same through- 
out the circuit, whatever the arrangement of the resistances of the 
parts, as in the case of a current of water flowing throi^h a series 
of tubes of varying diameters : — 



where T~ », = (» — »,)+ (fi — f,) + (p, — Fj) and B=3iti + Bt-I-B,. 

It follows from the equations that the potential-difierence between 
the single points must be proportional to the corresponding resist>- 
ances. Whether the resistance in the circuit is that of a metallic, 
or of a liquid, conductor, such as a salt solution, or that of a com- 
bination of both kinds of oonduotors, this statement is still true. 

If, in a galvanic cell, the poles be connected by a wire, the total 
resistance of the flironit ctmsists of that of the wire, called the ex- 
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temal lesiatanoe, and that of the liquid, or liquids, of the cell (for 
iitstance in case of the Daniell oell, that of the zino sulfate and 
copper soUate solDtions), called the internal reslBtance. If, now, 
the external resistance of a Daniell cell is 1000 ohms, and the internal 
resistance is 100 ohms, while the electromotive force of the cell is 
1.10 Tolts, it follows from the above discussion that the potential- 
&11 in the external part of the circuit, the wire, is 1.00 Tolt and in 
the internal part of the oiicuit, the solution, is 0.10 volt. It is eri- 
dent that there is a difference between the electromotive force of a 
cell and the potential-fall in the external part of ite circuit, being in 
the Daniell oell, just conbidered, 1.10 and 1.00 volts, respectively. If 
r denotes the electromotive force of the cell, p, and bu the potential- 
fall and the resistance in the internal circuit, f^ and b^ the potential- 
fall and the resistance in the external circuit, then the following 
relation exists between these quantities : — 



From this relation it follows that the greater the external resistance 
B. the more nearly the fraction ^' ^ approaches the value one, and 

hence the more nearly the potential-fall in the external circuit r^ 
approaches the electromotive force of the cell r. If the external 
resistance is made infinitely great by breaking the external circuit, 
these two quantities, r, and r, become identical ; for on the open cir- 
cuit there can never be a fall in potential, since this can only take 
place when enrrent flows, transforming electrical energy into heat ox 
into heat and work. Except when the external resistance is made 
infinite by breaking the circuit, the potential-fall in the external eir- 
euit is always less than the electromotive force of the cell, but 
approaches the latter as the external resistance approaches infinity 
or the internal resistance approaches zera 

The Eleetrlcal Equiralant of Eeat — From its analogy to the 
expression for the mechanical energy of water p^Q„ it has 
been assumed that tlie expression fq represents electrical energy, 
it being the product of the quantity of electricity by ite "pres- 
snre" or potential. If the correctness of this assumption be 
questioned, it is easily possible' to prove it to be correct by 
direct experiment, and, at the same time, to calculate the electrical 
equivalent of heat. Let as consider, first, a circuit in which ther« 
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exists an electromotiTe force f, expressed in volts, or, in other 
words, a oireuit in which there is a tail ot potential from f to 0. It 
may here be mentioned that the b^imer is inclined to fall into 
error throogh the former expression by assuming that the valoe of 
F remains constant throaghont the circuit, which, aa seen from the 
latter expression, is not at all the case. The resistance of tiie cir- 
cuit is so chosen that in one second, the qoanlaty of electricity q, ex- 
pressed in coulombs, passes through a cross section of the conductor. 
Since the quantity of electricity passing through a cross section in 
one second is equal to the corrent, expressed in amperes, this ia 
equivalent to saying that a current of g amperes is fiowing through 
the conductor. If now the current performs no work in the drcuit, 
the entire quantity of electrical energy is transformed into heat. 
Hence the quantity of heat generated in one second when the entire 
circuit is placed in a calorimeter ia equivalent to the quantity of 
electrical energy which disappears in the same time, or is equivalent 
to the product fq, under the assumption that this product correctly 
represents the electrical energy. 

liet us consider, next, a circuit in which an electromotive force ^ F 
exists, causing a current of two amperes to Sow through it. The 
quantity of heat which would be generated in one second in a calo. 
rimeter contiuning this circuit should be the same as in the former 
case, since 

^ F X 2 Q = FO. 

Similarly, under the above assumption, whenever the electromotive 
force and current in any circuit have such values that their product 
is equal to fq, the same quantity of heat should be generated in a 
given time in a caJorimeter containing the circuit, for the same quan- 
tity of electrical energy would in each case disappear. Experiment 
has shown that this is actually the ease. Moreover, it the resistance 
of the circuit is such that, with an electromotive force of 2 f volts, 
the same current, q amperes, is produced, then, since the product 

2 f X Q = 2 Fd, 

twice as much heat should be generated in one second as in the for- 
mer cases, and so forth. Experiment has proven this also to be true. 
Therefore the product vq does represent correctly the quantity of 
electrical energy. 

The calculation of the electrical equivalent of heat is now very 
simple. The unit of electrical energy is naturally the product <rf 
one volt by <Hie ooulomb, or one volt-eoulomb. It is only necessary 
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to measure die heat generated when one coulomb of electricity is 
forced throi^h a ciroait by an electromotive force of one volt, or 
expressed differently, vhen one coulomb of electricity tmdergoes a 
fall in potential of one volt. The resistance of the ciiouit does not 
enter into conflideration, becanse the quantily of energy ia indepen- 
dent of the time and becanse the resistance only determines the time 
required for the fall to take place. If this quantity of heat is x 



number of units of electrical energy which are equivalent to one unit 
of heat enei^. 

Z%e deOrifxA equivalent of heat has been found to be ; — 

1 TolUonlomb = 0. 2387 omlorie, 
OF 4.189 Tolt^oiilombt = 1 oaloiis. 

The mechanical equivalent of electricity is easUy oalcolated from 
the mechaoical and the electrical equivalents of heat 

Since 42720 gram-eentimeterB = 1 calorie, 

then 1 voltcoulomb = 10198 grain-oentimat«rB, 

which is the metAarUccd eguivalerU of electricity. 

The quantity of electrical energy which is available when a qoan- 
tity of electricity 4 is forced through a wire by an electromotive 
force F is equal to tq. If this energy is completely transformed 
into heat, then 

vQ = i X e. (1) 

when Q is Uie total quantity of heat generated and ft is a factor 
which depends on the ratio existing between the units in which the 
two forms of ene^y are expressed. If the corresponding current is 
represented by c, then 

ro = kxq, (2) 

where g is the quantity of heat generated in a unit of time. But 
according to Ohm's law 

c = k'x -, (3) 

or r = k'RC ; (4) 

then hy substitution of this value of f in the equation (2), 

weget (^BJif = k-q; orif^=.t", 

o*» = ifc"-3. (6) 
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The last eqn&tioD ma; be expressed in words as follors : Z%e heat 
energy gmerated in tlte whole or in a part of a dreuii is proportional 
to &e resistance involved and to the square of the current. This law 
was discovered 1^ Joole in 1841 and is known as Joule's taw. Its 
experimental Terifioataon is a farther proof of the validity of Ohm's 
law. If the quantities c, b, and Q are expressed in amperes, ohms, 
and calories, respectiyely, then the number of calories generated in 
cme second is given b; the equation, — 

0.8387 X amparet' x ohms = oaloriat. 

The following facts ma; also be of interest to the readers : — 

1 jonle = 1(K ergi = 1 Toltcovlomb. 

A certain number of joules, then, denotes a certain quantity of 
energy independent of the time. If the quantity of eaiergj supplied 
to a machine in a given time is divided by this time, expressed in 
seconds, the quotient is the quantity of energy supplied in one 
second and is called the power of the machine. The unit of 
power, 

1 Toli«npen => 1 watt = 1 jovle per laMitd. 

The following equations give the relations between the eleotrloal 
units of power : — 

Joules Yolt-coulombs ^,. „„_._-. 



The power multiplied by the time in seconds gives again tiie en- 
ecgy supplied during this time. Hence the equations, 

1 watt-seoond = 1 joule 
and 1 watt-hour b 3600 joules. 

Inteohnioalwoih the watt-hour or kilo-watt-hour is generally nsed 
for the measurement of power instead of joule or kilo-joule, and the 
ampere-hoar instead of the coolomb, for the measurement of quantity 
of electric!^. It may be mentioned that 1 ampere-hour equals 3600 
coulombs. 

A table showing the relation between the energy units most fre- 
quently used may be found at the end of the book. 

The Slaotrieal Fomaoe and its ^duitrlal Importanoe. — An exact 
knowledge of the relation between electrical energy and heat which 
has just been considered is of great importanoe both in pore science 
and in technical work. If it ia desired to obtun very high tempers 
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tnres, from, say, 1600° to 3000° and higher, aa, for instance, in the 
manofactare of oalcium carbide from caloiom oxide and charcoal 
according to tiie equation, 

CaO + 3 C = CaC, + CO, 

it often happens that electrical heating is the onl; method of heat- 
ing by which the required temperature can be readied, or by irhich 
commercially favorable conditions can be obtained. The apparatus 
in irhich such processes are allowed to take place is called an '■ elec- 
tric furnace." 

One method of heating, which will be considered in detail, con- 
sists in leading two insulated ends of a circuit through two opposite 
sides of the furnace and connecting them inside the furnace by 
means of a rod of material of great resistance, such as carbon. The 
lesistance of this rod should be much greater than that of the ends 
of the circuit leading into the furnace ; since the greater the ratio 
of the internal to the external resistance, the better the utilization of 
the electrical energy in the furnace. By means of this arrangement 
it is possible, in a very small space, to conTOrt practically the entire 
electrical energy supplied to the furnace into heat which is imparted 
to the reaction mixture packed around the rod. The high tempera- 
ture attainable is only limited by the inertness and stability of the 
material of the high resistant conductor. The utilization of the 
heat is excellent, since the heating is done from the interior. In 
order to illustrate the thermal effect of the electric current, the 
f<dlowing numerical example is given. 

Let us consider that an electromotive force of 100 volts is avail- 
aUe and that the resistance of the circuit outside of the furnace is 
0.001 of an ohm. If now the circuit be completed by means of an 
inner furnace resistance of 0.999 ohm, then, since the total resist- 
anoe of the circuit is equal to 0.10 ohm, according to Ohm's law. 



0.10 ohm 



Since the potential-fall in the two parts of the circuit is propor> 
tional to the respective resistances, then there will be a potential 
foil of one volt along the circuit outside, and of 99 volts along the 
eircuit inside of the furnace. Hence 99 per cent of the available 
eleotrioal energy is transfcnmed into heat in the furnace. The 
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number of calories of heat generated per seoond is easily fouod by 
eitbet of tbe following two methods : — 

KettLDdA. 

1 vatt-seoond = 1 joule = 0.2387 calorie 

Watteeoonds = Volts x Amperea =99 X 1000 = 99,000; 

Then the heat generated in 
calories per second s 99,000 x 0.2387 = 23,631. 
KethodB. 

Amperes* x Ohms x Seconds = calories x 0.2387, 
or 1 ampere -ohm-second = 0.2387 calorie. 

Nombet of ampere'-ohm-seconds = 1000' x 0.099 = 99,000. 
HenoennmberofcalorieBperseooiid=99,000x 0.2387=23,631. 

If the quantity of heat is too great, leas electrical energy can be 
taken from the onrrent source by inoreasing the resistance inside of 
the furnace. At the same time, the electrical energy is thus better 
utilized, since the utilization increases with the value of the ratio of 
the internal to the external resistance. The quantity of heat re- 
■ ■ quired in any given case naturally depends upon 
the heat of reaction, the heat capacity of the Bub- 
I stances, and the loss of heat by conduction and 
radiation. For commercial work electric furnaces 
are now bnilt with a capacity of 1000 kilowatts and 
over, to be operated with a Tolt^^ of 50 volts and 
L a current of 20,000, or more, amperes. 

The internal resistance is very often replaced by | 

Fio. 11 2n electric arc, especially if it is desired to ooncen- ; 

trate the heating on a small Buiface. The calonlation of the heat ' 

effect thus obtained is similar to the calculation in the example just i 

considered. It requires only that the potential difference between 
the two poles and the current be 
known. Even in the case of the elec- 
tric arc, it cannot be assumed that the 
temperature is higher than 3600° t, 
since at that temperature the carbon 
itself begins to vaporize. The glow- 
ing gas of Oie arc, can, however, be '^"*' ^ 
brought to a considerably higher temperature. 

Models of the electrical resistance furnace of Borchers and <^ the 
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dectric arc farnace of H^roult are shown in Fi^aiCB 12 and 11, 
respeotiTely. These fomaoea a^e on the market in a great variety 
of fonns. 

Since in technical woA the eoonomy of a procesB is of first 
importance, electro-obemioal industry has deyeloped mostly in the 
direction of such processea as may be carried out in the electric 
fomace. These processes are carried out to advantage vhen elec- 
trical energy may be had at a price of about one quarter of a cent per 
kilovatt-hour and under. Thus during the last ten or twenty years 
enormous works have been established in the United States of North 
America (especially at the Niagara Falls), in France, in Switzer- 
land, and in Norway, which daily transform many millions of 
meter-kilf^rams into chemical energy by means of the electric cur- 
rent. In order to give the reader an idea of the magnitude and 
commercial importance of these works, their products and the im- 
portance of them will be briefly considered. 

Most of the processes carried out in electric furnaces involve the 
reduction of oxides by carbon. BoreherB was the first to state that 
in the electric furnace all oxides could be reduced by carbon at a 
sufficiently high temperature. As a result of this reduction with 
carbon, pure metal is not necessarily formed, for carbon compounds 
of the metal may instead be formed. 

This is the case in the preparatitm of calcium carlude, which is 
made on a very large scale to be used in turn for the preparation of 
acetylene gas. Calcium carbide is of great interest also from 
another point of view. Under certain cironmBtances it is capable of 
uniting with atmospheric nitrogen to form calcium cyanamide ac- 
cording to the equation, 

CaC-t-N, = CaCN,-j.C, 

and the latter compound when treated with steam under pressure is 
decomposed with the formation of ammonia. This decomposition 
is represented by the equation, 

CaCN, -I- 3 H,0 = CaCO, -I- 2 NH^ 

On the other hand, when calcium cyanamide ie leached with hot 
water and the calcium hydroxide formed is filtered off, the finely 
crystallizing substance, dicyandiamide, is obtained upon cooling. 
The reaction is as follows : — 

2 CaCN, + 4 H^ =. 2 Ca(OH), + (CN,H,V 

By fusion with soda, dicyandiamide is transformed into sodium 
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ojruide and ammonui blether with amall quantities of tricTab 
tiiamide (ClftH^^ Even the lattet oompotuid can also be tmta- 
formed into todiam ayanlde and ammonia. 

The reactions jnst described are of great importance becanae they 
fumish a means of transfoimii^ atmospheric nitn^n into a form 
which can be ntilized. In view of the tiireatened exhaustion of the 
great saltpeter deposits, this importance is not to be nnderralned. 

A forUier adTance in the domain of nitrt^en fixatitm has been 
made t^ so conducting > the processee that calcium cyanamide is 
obtained^ although not quantitatively, from calcium carbonate, 
oarbtKi, and atmoapheric nitrogen, without the necessity of forming 
oalfflom carbide as an intermediate product The following reaotum 
is involved : — 

CaO + 2 C + If , =- CaCy, + CO. 

The con^omerate, containing the calcium cyanamide, gives on 
aoalysia from 12 to 14 pet cent of sitrogen. By experiment it has 
been shown to be a good fertilizer, capable of being used on the soil 
in its original form. 

Besides calcium carbide, siliccm carbide (carborundum), valued 
especially as an abrasive substance, is prepared on a large scale in 
this way. The following reaction is involved : — 
8iO, + 3C = 8iC+2CO. 

Yarious allt^ are prepared in the electric furnace by the redut^ 
tion of certain minerals. For instance, when chrom&-iron ore 
(FeO-Gr/)t) is heated with sufficient carbon an iron-chromium alloy 
results, containing over sixty peioent^e of chromium. In a similar 
manner an iron-titanium alloy, containing a proportion of titanium 
varying with the conditions of preparation, may be prepared from 
Ilminite(FeO-TiO0. 

These alloys are used iu the production of steel, etc, in order to 
obtain a definite chromium or titanium content 

Electrical heating is also used to advantage in the production of 
phosphorus by heating mixtures of the natural phosphates (chiefly 
calcium phosphate) with carbon and quartz ot kaolin. The follow- 
ing reaction takes plaoe ; — 

Ca^O,), -H 3 SiO^ -I- 5 C !■ 2 P + 3 CaSiO, -I- 6 CO. 

The phosphorus which distills off ftma the mtztnie is o<dleotod 
onder water. 

Beoently, oarbon bisulfide has been prepared from pieces of sot 
fur and oarbon in an electric furuace. 
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Finally, it may be mentioned tliat the preparation of the nitn^en 
ozides by the action of the electric arc upon air has recently 
received increased attention.' The air is forced past, an electric axe 
formed by an alternating current, becoming highly heated and 
forming a small quantity of the nitrogen oxides. Before these 
oxides can decofflpose to any considerable extent, they are rapidly 
oooled to ordinary temperatures. 

In all of these piocesses, the number of which might easily be 
increased, the electric current exerts only a heating effect. The 
electric furnace is, however, also used in processes in which Uie 
current la a direct one and exerts both an electro-thermic and an 
electrolytic action, as, for example, in the process for the prepaisr 
tion of metallic aluminium. In this case, the current furDishes the 
heat required to maintain the fusion and also decomposes the alur 
minium compounds dissolved in it with the separation of metallic 
aluminium at the cathode. 

Dark or Silent Eleotrioal Diioharge. — The mutual discharge of 
two oppositely charged bodies, when they are separated by air or any 
ol^er dielectric, takes place in various ways according as the poten- 
tial-difierence, the distance, and the form of the bodies is varied. 
It can take place in the form of s dark or so-called silent discharge 
accompanied by faintly visible streamers of light. Such s discharge 
differs from the familiar electric arc in that in the former case the 
passage of electricity takes place only through the gas separating 
the two electrodes, whUe in the latter case it takes place chiefiy 
through the vapors formed from the electrodes. If, in the latter 
case, a constant potential-diSerence ie maintained, the conductance 
of the electrode vapors increases greatly both the current intensity 
and the quantity of electrical enei^ which in the unit of time is 
transformed into heat. 

If the potential-difference between the two electrodes is increased 
successively, the non-luminous discharge through gases becomes 
finally an electric arc Under the usual circumstances, aa soon as 
this transformation takes place, the current suddenly increases to a 
high value while the potential-difference sinks considerably. It is, 
in general, not possible to utilize the high potential-difference 
obtainable by very powerful machines, since the current would in- 
crease to snch an extent as to cause even the most non-volatile 
electrodes to volatilize. Nevertheless under certain conditions all 

> For farther puticnlars Bee J. Brode, >' Ox;datloii de« Stiokstotb In del 
HookqwumngB fltuume. H«billtMloiiMOhi11t, Earlmilie" (1906), W. En^^ 
poUlaher, HiJle, Saxony. 
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poflaible transjtioii phenom^ia betreen diachai^ throi^h gases and 
through the electric arc can be produced, as, for instance, vhen the 
electric oummt is transmitted chiefly by means of the electrode 
vapor near the electrode, and nude^oing a gradual transition into 
purely a discharge through gases at greater distances.* It vould 
be more correct to characterize the dectric arc (which, in the ease of 
the preparation of the nitrogen-oxygen compounds as just described, 
appears as a quietly burning flame) as a case of discharge through 
gases. In the case of alternating currents, even with those of hi^ 
frequency, the discharge is naturally discontinuous. It is in fact 
possible that ereiy discharge is discontinuous. This is certainly 
true of spark discharges, which may be considered to be electric 
arcs of exceedingly short duration. During such dischai^s the 
current rises to enormous values. That, in this case, the vapor of 
the electrodes plays a part in the conduction of the electricity, is 
shown by spectroscopic observations, and also by the fact that if 
sparks are allowed to pass between electrodes of the noUe metals 
under water, eoBoidai aoivtioM are formed. 

As already indicated, silent discharges (and also spark dis- 
cha^es) may exert a chemical influence on gases. Thus, to a cer> 
tain extent, hydrogen and nitrt^en are made to combine to form 
ammonia, hydrt^n and cyanogen to form hydrocyanic acid, carbon 
monoxide and water to form formic acid, and oxygen to be trans- 
formed into ozone. In one respect this last teolinically important 
reaction is very remarkable. While in all the other applications of 
the alternating current which have been mentioned, only the quan- 
tity of heat or the temperature attainable entered into consideration, 
in this case it appears that the form of the current must be consid- 
ered. According to the investigations of Warburg,* a close rela- 
tionship exists between the nature of the light at the points of the 
conductors and the yield of ozone. It is very probable that the for- 
mation of ozone should be attributed to photo- or cathodo-chemical 
action. It is also interesting to note that Warburg found that, for 
Uie form of discharge used by him, the direct excels the alternating 
odrrent. 

When the ozone has reached a certain oonoentratdon, it ceases to 
be formed. 

Electrioal Capacity. — It may be well at this point to explain the 
term dectriccU capacity, although it has more to do with static eleo- 

1 See also O. Lehnuum, ■■ Blektrisohe LlchWmoheiaungen mtd Bntladnngea," 
W. Kaapp, Halle, Saxony (1898). 

1 Dmda's AiutaUn, IS, 986 (19M) ; 17, 1 (1006). 
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trioity thaa with our present anbject. It is to be especially noted 
that this BO-coUed electrical capacity is quite distiact from the ca- 
pacity faotoi of electrical enet^, or the quantily of electricity. By 
electrical capacity is meant the capacity of & body for taking up 
or holding electricity. This capacity of a body is independent of 
its material content, but dependent on its size, form, temperature, 
and surroundings. If two bodies of unequal electrical oapaoities be 
dbarged with the same quantity of electricity, the potential of the 
two charges will be unequal, and, further, it will be higher on the 
body of least oapaoity. If these two bodies be chai^d with such 
qnantities of electricity that the two charges are at the same poten- 
tial, the two quantities of electricity will be unequal, and the larger 
quantity will be on the body of greatest capacity. The electrical 
capacity is also defined by the following equation : — 

El«trio.l cpmtj. (t.)=''°"^'g.°'''','*"°"^(''>. 
* ■''■•■' Potential (f) 

The nnit of capsidty is called the farad, and is defined to be the 
electrical capacity of a body upon which a charge of electricity of 
one coulomb possesses a potential of one volt The above equation 
may therefore be written as follows : — 



k„ in farads : 



Q, in conlombs 
" F, in Tolts 



FodtiTe and Ve^tive Bleotriei^. The Eleetromatn. — Thus far 
we have considered the electric current as analogous to the water 
carreDt. This analogy is especially useful to beginners, as it serves 
to facilitate the comprehension of electrical phenomena. It is, bow- 
ever, not a perfect one, and care must be taken to prevent misguid- 
ances ; for an electric current is not as simple as a current of water. 

If a solution of copper chloride be introduced into a circuit as 
previonsly described, it is observed that, while copper is separating 
at one of the pieces of platinum, chlorine is separating at the other. 
If now, from these facts, it is conceived that the copper is trans- 
ported through the solution to one electrode, then it must also be con- 
ceived that the chlorine is transported in the opposite direction to the 
other electrode. From this movement of 3>onderable matter in two 
opposite directi<Hi8 l^ means of the electric current, it must be 
assumed that the electric current, unlike the water current, simul- 
taneously possesses two opposite directions. Bat we know from the 
aoienoe of static electricity that we have to distinguish between two 
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kiitds of electricity, called respectively positive and negative eleo- 
trici^. Hence it may veil be concluded that tiie electric cuirent 
consists of simultaDeons motions of positive electricity with copper 
psrticleB in one direction and of negative with chlorine particles in 
the other. This conclusion is snpported by the electrometrio experi- 
meots to be described later. 

The conditions in the ease of electrical energy difEer, then, some- 
what from those in the case of mechanical energy, as will now be 
shown. The product, volnme by pressure, has been shown to repre- 
sent a quantity of mechanical energy. The capacity factor, the vol- 
ume, is always a positive quantity, since but one hind of volume is 
known. The product, quantity of electricity by electromotive force, 
has also been shown to represent a quantity of electrical energy. 
In this case, the capacity factor, the quantity of electricity a, may 
be either positive or negative. For these two kinds of capacity fac- 
tors, + Q aiid — Q, we have the following laws : Whenever a qvantity 
-Ho combines with an equivalent gvantity — q, a zero qnantity aiwayt 
remtU*. Whenever a quantUy of positive electricity is produced, there is 
always produced at the same time an equivalent quantity of negative 
electricity; and when these two quantities of electricity are brought 
together again, they completely netUralize each other. 

In the study of electrical phenomena, it is necessary to become 
accustomed to abstract thinking. It cannot be expected that a quan- 
tity of electricity can be made as tangible to us as a quantity of 
matter. Upon closer consideration it will be seen, moreover, that if 
the term matter is intelligible there is no reason why the term elec- 
trieity or quantity of electricity should be unintelligible. Let us 
first understand clearly what is understood by the term matter. We 
speak of matter when we recognize a certain number of properties in 
a giren place. One of these properties is the occupying of space or 
the presence of a certain quantity of volume energy. If, for instance, 
the quantity of matter be compressed, its volume is diminished and 
the work doue is the equivalent of this compression. Similarly we 
Speak of a quantity of electricity when we recognize a certain num- 
ber of definite properties in a given place. These prbperties are not, 
however, the same as those which characterize the presence of 
matter. A quantity of electricity does not fill apace or possess vol- 
ume energy, and hence cannot be grasped by the hand.' The ques- 

' It aluHild be noted, however, that HelmbolU and otliera bave kttribated an 
Uomio nrootnte to vleotrtoltr, aaromlng the exiawnce of poaitiTe uid negative 
demeatary panicles. Acoordlng to this view we miut utrnme the exiateace 
ol two new, univtleDt, and neady dubbIbm elemenla, namely, positive and nega- 
tive eleotioas 
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tion tlieD often arises : What is the nature of eleotrioity and vhat ia 
meant by quantity of eleotrioity ? The question, What is the nature 
of matter ? howevei, is but seldom raised. The two queationfi aie 
equally idle, foi the terms matter and electricity are nothing mote 
than ezpiesaions or eolkctive names for certain groups of definite 
properties. 

Mechanical work may be transformed into electrical energy by 
rubbing a stick of sealing wax with a woolen doth. In this case 
both the sealing wax and the cloth become electrified, the one with 
poeitiTe, and the other with n^ative electricity. It is a well-known 
law of nature that whenever electrical eneigy is produced, it always 
appears simultaneously in two separate places, although these places 
may lie exceedingly near to each other. 

It ie usual to speak of a quantity of electricity, q, as passing 
through a oironit in the directioD in which copper particles are oar^ 
ried during electrolysis, and we too hare followed the custom. 
According to the conceptions of the present, however, when a quan- 
tity of positive electricity passes in one direction durii^ eleotrolyais, a 
certain quantity of n^ative electricity passes in the opposite direction. 
These quantities are carried on the positive and negative ione, respeo- 
tively. While the quantities of the two kinds of electricity flowing 
may not be equal, they must always be so related to each other that 
in all parts of an electrolytic conductor their sum shall be the same. 
In metallic conduction it is assumed that the electricity which flows 
is negative (negative electrons). However, since positive electricity 
flowing in one direction through a metallio circuit produces the same 
effects as an equal quantity of negative electricity would produce in 
flowing in the opposite direotion, we are justified for the sake of 
eimpUcity in speaking of the whole quantity of electricity of an 
electric current as flowing in the direotion of the migration of copper 
particles. It should, however, be borne in mind that this method of 
expression is not strictly correct. 

Electrical Jleanrementa. — In measurements of any kind it is 
necessary to establish a zero or starting point For the intensity 
factor of heat energy, the temperature, the absolute zero is taken at 
273 degrees below the centigrade zero (— 273°t). For the intensity 
&iCtor of volume energy, the pressure, the absolute zero is taken 
as the pressure existing in a vacuum. For the intensity factor of 
kinetic energy, the velocity, there is no absolute zero point known. 
Only relative velocities can be measured. For all ordinary meas- 
nrements the velocity of the earth is considered to be zero, and 
when, for instance, a body is said to possess a velocity U, it ia really 
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meut that this is the difference between its absolute velotnty and 
the absolute Tdooity of the earth. Similarly, in the case of the 
intensity factor of electrical energy, the potential, there is na 
abe<dute zero point upon which measurement may be based. As 
in the case of velooity, an arbitrary zero point has been adopted. 
Aoootdingly, zero potential is taken as tiie potential which ezlBts at 
the surface of the earth. If it is desired to bring the potential of 
any point of an eleotrie oirouit to the potential zero, it is only 
neoessEiry to connect this point with the earth by a goocLcondnotor, 
and thus, in a way, make this point a part of the earth's surface. 

Electrical potentials are measured hy means of electrometers, of 
which diere are many forms, most of which need not be considered 
here. The principle is the same whatever the form (excepting 
galvanic electrometers), and may be understood from a description 
of one of the simplest forms, known as the gold-leaf electrometer, 
shown in Figure 13. 

I£ the metal rod c be connected with the earth, the strips of gold 
leaf a and b are brought to zero potential and hang in parallel posi- 
tions. If now, after disconnectiDg the 
electrometer from the earth, it be 
brought into contact with a point whose 
potential is to be measured, positive or 
negative electricity passes from this 
point to the strips of gold leaf, which 
immediately separate as shown by the 
dotted line in the figure. This is due 
to the electrostatic repulsion of the 
like kinds of electricity upon them. 
The greater the potential at the point 
the greater the quantity of electricity 
which will pass to the gold leaves and 
the &rther apart they will separate. 
Consequently, the position of the gold 
) leaves is a measure of the potential of 
the point. By calibrating the elec- 
trometer, and constructing a suitable 
scale, unknown potentials may be measured directly in volts by 
means of it. 

There remains to be considered a peculiar property of electrical 
enei^, namely, the additivity of the intensity factor, l^e potential. 
If we have two sonrcee of such energy, as, for instance, two Daniell 
cells having the same electromotive force, 1.10 volts, and connect 
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the sontce of negative electricity of each, its negative pole, with the 
soorce of positive electricity of the other, its positive pole, the result- 
ing combination has an electromotive force equal to the sum of the 
forces of the two cells, or 2.20 volts. If, on the other hand, lihe 
poles are connected, no current flows throngh the circnit. These two 
combinations are represented in Figures 14 and 16. 




A very different relation is found, for instance, in the case of the 
intensity factor of heat ene^^, the temperature. It la not possible 
in a similar manner to add two temperatnres. If we have two 
pieces of metal, each having a temperature of 0° at one end and 
of 100° at the other, they cannot be so oomlnned as to produce a 
temperature of 200°. 
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With electrical energy, when a poteatial-differenoe exists between 
two points, this difference is not altered through a change involving 
simply an increase in the abeolnte potential of those points. It is 
becaase of t^is fact that it is possible to produce an electromotive 
force of any desired magnitude. If the negative pole of a Baniell 
cell be connected with the earth, at the positive pole there is a 
potential of + 1.10 volts. If now to this positive pole, the negar 
tive pole of a seoond Daniell cell be connected, then at the positive 
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pole of the second cell there will be a potential of + 2.20 Tolts, and 
80 on. Cells thus connected are said to be arranged in aeriet or in 
tandem. 

Another arrangement, nsefal for certain purposes, consists in con- 
necting like poles of different cells into groups and then oonnecting 
these groups with each other. Although, in this way, no increase in 
electromotiTe force over that of a single cell is obtained, the internal 
resistance of the battery thus formed is less than that of the single 
cell. These cells are said to be arranged in parallel. 

Having considered the fundamental principles relating to the 
electric current, we may now tum our attention to the subject of 
electro-chemistry itself. As an introdaction to this branch of elec- 
trical science Uie history of electrioi^ is briefly presented in the 
following chapter. 



CHAPTER n 
DBTBLOPMBm OF HEiBCTHO-CHEMISTRT UP TO '. 



Xailiwt Beoordi of Eleetrioal Fbenomauk — A little mora than 
two thooaand years ago, the first electrical phenomena <rf which we 
have record was observed by Thales. He observed that under cei<- 
taia oonditioiis amber (jAem-pw) possessed the power of attraotmg 
light bodies, such as pieces of paper, feathers, etc. Later, it was 
foond that this property was not confined to amber alone, and then 
it became known as " ijKacTpoylike," which later was oontnuited to 
&» word ^eetrical. The phenomena of atmospheric electricity, 
snoh as lightning, St. Elmo's fire, aurora borealis, etc., hare been 
known from the eaxlieBt times, but their recognition as electrical 
phenomena ia of comparatiTcly recent date. 

Up to the beginning of the seventeenth century our knowledge of 
electricity was extremely scanty and imperfect. At that time, how- 
ever, it was somewhat increased by the work of William Gilbert 
He showed that a great many substances, other than those previously 
studied, became electrified upon being rubbed, but that none of the 
metals possess this property. He was the first to dedare the neces- 
sity of rubbing the material in order to produce electricity. 

From this time on an increased interest was taken in electrical 
phenomena, resulting in the discovery of means for the production 
of greater electrical effects than were possible through the rubbing of 
such substances as amber, and in the discovery, by Dufay, in 1733, 
of t^e existence of two opposite kinds of electricity. Ihi&y called 
the electricity which remains on the glass, vitreous, and that which 
remains on the reain, resinous electricity. 

At the end of the eighteenth century five different sources at 
electricity were known. The usual, and up to the time of Franklin 
the only, source of electricity was friction. Franklin discovered 
that the atmosphere was a second source. A third source was found 
l^ Wilke, who observed that electricity was produced when fused 
substances solidify. This he named " electiicitas spontanea." The 
warming of tourmaline became the fourth source. The fifth and 
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last aouioe -was found in the liring animal organism, when the power 
of certain fish, saeh as the g^mnotus, torpedo, and Biluras, to pro- 
duce eleotrioal shocks was recognized. 

The Work cf OalvanL — The great electrical disoorery of the 
eighteenth century, the one which attracted the attention of the best 
invest^atOTB of that time, and which has prored to be the discorerj | 

of a much more productive source of electricity than was previously 
known, we owe primarily to the wife of Aloisius Qalvaoi, FrofesBor 
of Medicine in the University of Bologna. She observed that the 
freshly prepared hind legs of a frog which were touching a scalpel, 
moved as if alive while sparks were passing from an electric machine 
near by. She called Galvani's attention to the phenomenon, and in I 

a short time he was deeply involved in a study of it, oonsidering it i 

a good proof of his pet theory that the animal ot^nism, in general, 
was in possession of electricity. 

In carrying on his experiments he was accustomed to place the 
[uepaiations of frogs' legs upon an iron railing in the open air. He 
often watched the contractions taking place in them there, and con- * 

OMved that it might be due to atmospheric electricity. He observed, 
further, that when lightning was discharged, or storm clouds ap- j 

proBched, contraction in Uie frt^' tegs was most often produced. | 

Bepeating this experiment during a series of calm, clear days, and 
observing no effect upon the frogs' legs, he twisted the wire which I 

was hooked through the spine of the frog about the iron ruling j 

from which the preparation was banging,, thinking thns more easily j 

to discharge any atmospheric electricity which might have aocumU' 
lated in the preparation. He observed muscular contractions which . 

he then concluded were at least not entirely produced by atmos- 
pheric electricity. Later experiments carried on in a room showed 
him conclusively that these contractions in the frog preparations ' 

have nothing to do with atmospheric electricity, and that they can, 
under certiun circumstances, be made to take place in any place j 

at any time. 

The breadth of influence of this simple discovery is almost without 
paralleL It was recognized that the contractions of the frogs' legs 
were produced by electricity. The question then arose as to the 
source of this electricity. . 

Galvaoi declared that the electricity existed in the proparation, 
which he compared to a Leyden jar. The muscles, and nerves, 
according to him, correspond to the two coatings of the Leyden jar, | 

and the wire to the discharging rod. He believed, furtiier, tiiat i 

every animal organism was a source of electricity, to a greater or 
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1MB Aegc66, A in t^e case of the electric eel and certain other fishes, 
and he hoped through this discovery to be able to penetrate further 
into the mysteries of life itself. 

Hu Work of Volta. Tbe Voltaao Pile. — For a time, Galvani's 
opinions were very genen^ly accepted by physicists, many of whom 
had repeated the above-mentioned experiments. Even Yolta, who 
vas a professor in the University of Pavia, and who already had 
achieved marked distinction, at first was inclined to accept these 
views. Later, however, he observed that the effects produced were 
very marked when the back of the frog or the nerve was connected 
with the leg, or mnscle, by a wire the ends of which were of dif- 
ferent metals, while the efEect wae very weak or entirely wanting, 
when a wire of a single metal was osed. Upon fitrther investigation 
he found that v^enever two metais and a liquid are combined to make 
a circuit, on dectric current it pmduced. This showed olearly that 
the explanation given by Galrani was antenable. 

Prom these experiments Yolta concluded that the scarce of the 
electricity was either at the point of contact of the two different 
metals of the circuit, or at the point of contact of the two metals 
with the liquid. In the case of Galvani's experiments this liqnid 
was the moisture of the preparation. Volta considered the fiH>g'a 
l^s, themselves, to be nothing more than a ddicate electrcscope, 
indicating the presence of an eiectric current in the circuit. He 
finally concluded that the principal source of the eleotrioity was at 
the point of contact of the two metals, and not at the points of con- 
tact of metal and liquid. This couclosion has been commonly 
accepted until within very recent years. 

As a sequence of his experiments, it should be mentioned that 
Yolta distinguished, for the first time, between two classes of 
electrical condactors. In the first class, he included the metals, 
carbon, and certain other good conducting substances, such as the 
metallic sulfides ; and in the second class, all conducting solutions. 
This distinction is, in the main, still teooj^zed. Aooordii^ to the 
prexfulmg ideas of the prwent time, conductors of the first class 
may be defined to be snoh as conduct the electric current without a 
movement of ponderable matter, and conductors of the second class, 
such as conduct the electric currant only by means of a movement of 
ponderable matter. The effect of temperature apon the two classes 
of conductors is remarkable, in that in general, those of the first 
class conduct electricity less readily, and those of the second class 
more readily, with increasing temperature. It has also been found 
to be a fact, which is in ^reement with the electro-magnetie theory 
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of light, that metallic oondactors are, eren in rer^' thin layers, 
opaque, while other oonduetors in thin layers are always more or less 
transparent to ordinary light. Thia behavior toirarda heat and 
li^t is a conTenient means (tf distingoishing between the two classes 
of oondaotors in soch doubtful cases as are met among the oxides. 

For conductors of the first class, Volta soon established the con- 
tact electromotdTC series, which is a table of condactora so arranged 
that if any two of them be connected with each other and also with 
a condnctor of tiie second class (a liquid thus completing a circuit) 
an electric current will flow from the conductor higher in the table 
or series through the liquid to the other. Uoreorer, the current is 
greater, the farther apart the two chosen metals stand in the series. 

[In the following table is given such a contact-series: — 

ZlKO- 



COPPKB 

Platdtum] 

After the establishment of the order of contact electromotiTe 
forces. Bitter made the discovery, entirely unappreciated at the 
time, that this order is the same as the order in which metals pre- 
cipitate one another from solutions of th^ salts. A reference to 
the above contact-series will make this clearer. Metallic zinc when 
placed in a solution of a lead salt dissolves and causes the separation 
from the solution of metallic lead. Similarly, metallic lead causes 
the separation of metallic tin, and so on down the series. Moreover, 
any metal causes the separation of all the other metals of the series 
which are situated below it, from solutions of their salts. The 
identity of the order of the contact electromotive forces of the metals and 
Iheorder of their precipitating powers shows a relation ftettoeeit rfectriCfly 
and chemistry. The discovery of this relation may be considered to 
mark the beginning of scientific electro-chemistry. 

A little later, Volta stated his Law of CotUact Electromotive Force. 
This law states that the same potential always exists between two 
given metals, whether they are in contact with each other directly, 
or only through a series of other metals. [The following table gives 
the metals in the order of the contact electromotive force series, 
together with the potential-difference between adjacent metals : — 
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Acoording to tiie ahon la^r, whether zino be ooimected with plitti- 
nam directly or tbiongh the series of metals, lead, tin, iron, copper, 
eto., the difference of potential between them will be 0,976 volt] It 
also follows from the above law, that it is impossible to obtain an 
electrio onrrent from a circuit made up entirely of metals ; for in 
snob a circuit the sum of all the jiotential-differancee is equal to 
SBHK [ThiB is at once evident from the following diagram ; — 



The mm of the potential-differences at the points of contact of di»- 
similar metals nixing an electric current in one direction (0.21 -f- 
.069 + 0.313 + 0.146+0.238) ia exactly equal to the potential-differ- 
ence (0.976) urging an electric current in the opposite direotitm.] 

The law of contact electromotive force, according to Yolta, does 
not apply to conductors of the second class. Since he believed that 
only slight potential^differences were produced at the points of ocm- 
tact of the metale with the conducting liquid, he reasoned that the 
two metals could be gonneoted with a liquid with scarcely any 
change in potential from one metal to the other through the liquid. 
[Accordingly, if the circuit shown in Fig. 16 be broken at a, and the 
two ends dipped in a conducting liqnid, a current would flow through 
the drooit so produced under a potential-difference (rf ne»]y 0.976 
volt] 

As long as investigators were mainly devoted to the stody of fric- 
tunuU «lectoioity, scarcely any attention was given to the relations 
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between electrical and chemical proGesaea. This was in a la^e de- 
gree due to the fact that the quantities of electricity which were 
produced by the friction method were too small to bring about any 
oonaiderable chemical effects. A few facts bearing upon tiie tela- 
tion between these two energy forms were known as early as the 
middle of the e^;hteenth century. It was known that, by means of 
electric sparks, metf^B could be "revived" or obtained from their 
oxides i tiiat air, other gases, and water were affected by the pass^e 
of electric sparks had also been observed. The chemical effect of 
the electric current was first studied on a large scale after Volta had 
ooDStmoted the appaiatas commonly known as the Voltaic pile. [A 
diagram of this apparatus is shown in Fig. 17,] 

It consists of pairs of plates of dissimilar metals, as, for instance, 
silver and mnc, separated from each other by pieces of absorbent 
material like blotting paper or 
fiannel cloth, moistened with a 
liquid conductor such as a salt 
'' solution. The strength of the 
pile depends upon the metals 
chosen, and upon the number of 
metallic pairs used in its con- 
f struction. [Keferring to Fig. 
17, the greatest potential-differ- 
ence is obtained between the 
. poles a and b, decreasing as, 
' instead of the pole a, the poles 
,, i a', a", etc., are taken.] At the 
^^*N beginning of the present cen- 
tnry almost every one who was 
in a position to do so built a 
Voltaic pile, and consequently the scientific papers of that period 
were filled with descriptions of experiments in which the pile was 
used. 

The Eleotrolytio Deoompositioii of Water. — It is worthy of notice 
that Volta himself says nothing of the chemical actions which may 
be prodaced with his apparatus, although it is evident from hia ex- 
periments that he must have observed the electrical decomposition 
of water. This indicates that he did not appreciate the signifioanoe 
of this phenomenon. The discovery that water could be decom- 
posed 1^ means of the Voltaic pile thus became the work of others. 

In the year 1800 Kicbolson and Carlisle showed that on conduct- 
ing an electric current through water, by dipping the two tennimtla 
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of a voltaic pile into it, at one of the terminals hjdxogea, and at 
the other oxygen, vas produced. The fact was also not orerlooked 
that the water about the tenniiial at which hydrogen was produced 
became alkaline, and that about the other terminal became acid. 

Keamrement of the Fotentiali of a Tottaie Pile: — It is aurprigii^ 
that, as early as 1802, thorough measurements of potentials of the 
Voltaic pile, which are still accepted as correct, were made by Er- 
mann. Some of the results hare already been considered in the 
introduction, and others will now be considered. 

Stmann inserted a ailrer tube, filled with water, into the circuit 
The eada of the tube were closed with pieces of glass through which 
the terminal wires of a battery were passed, making contact with 
ihe water inside of the tube. By connecting an electroecope to any 
desired point of the silver tube, the presence of electricity throt^h- 
out the tube was shown. 

£rmami also established the important fact that tKe cobtnm of 
■mater &etue«n fA« ttoo endt of tKe battery termincd wires aauaSy 
cofOaiM dectricUy during the gaivanic action. The fall in potential 
when the column of liquid forms a part of the circuit still takes 
place according to the prindples diseusaed on pages 11 to 13. In 
this case, a sudden fall in potential takes place at the poles due to 
the work performed l^ere. 

When wires are placed between the two ends of the battery wires 
in the tube as shown in Hgnre 18, Ermann observed that gas was 
evolved at each wire end ; and that in every case an end at which 
hydrogen appeared was adjacent to one at which oxygen appeared. 
TioB is indicated in Figure 18. 




•ia »ia 11.0, f^OiihU 



The electric current was conducted partly l^ the water and partly by 
the wires.' In this case also, the fall of electrosoopic potential took 
place as in the oases already considered. 

1 If the wate/ hu become good-condnotiiig by dlsaolvhig oxygen nlta, or if 
the pUdonm ^/ire Is too short, no evolntion of gaa takea plftoe M the ends of the 
wire, and t^ wire takea no part in tbe oonductloii of the electric cturenL lite 
OTohititm ot gaa and the oondootlon of the electric onrrent by the wlie take* 
{dace KpftticMity only when the pctentlal-dlSeraice between the end* of the 
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By 0(Hui6Ctmg the circuit with the earth, it is possible io have 
either positive or negative electricity alone in the column of water 
and the wires. It is also possible to cause one part of the circuit to 
exhibit positive, while the rest exhibits negative, electricity. 

Thfl KigratioiL of Aeid and Alkali, and the SiBoovery ei the Alkali 
*■*»!■ — It was very difficult for the early investigators to compre- 
hend the formation of hydrogen and alkali at one of the points where 
the wires from a Voltaic pile came into contact with water, and of 
oxygen and acid at the other. It was a question with them whether 
or not the acid and aJkali were actually created by the action of eleo- 
trioity on water. Such a question was not absurd, for at that time, 
the law of the conservation of matter was not at all generally recog- 
nized. It was one which required an experimental answer. The 
task of answering this question was undertt^en first by Simon, and 
then a few years later by Davy, who showed, by a serira of very oaie- 
fol experiments, that pure water is decomposed into hydrogen ahd 
oxygen by the eleotcic current, without the formation of acid and 
alkali, and that the formation of the latter, in earlier experiments, 
was due to the presence of impurities in the water. He performed, 
furthermore, experiments of the greatest importance upon the migia- 
^on of acids and bases to the two poles, respectively, for which a 
satisfactory explanation was not found until the establishment of the 
accepted theories of the present time. This experiment is briefly 
described at this point because the phenomena involved should be 
known. It will be more thoroughly understood after the modem 
theories have been studied. The reader is advised then to attempt 
to discover the explanation of this experiment, as thereby be will 
recognize more fully the advantages of modem oonoeptaons. 

If two platinum wires are connected to the poles of a voltuo pile, 
and the free end of one of them is placed in a vessel filled with pure 
water, and the free end of the other in one containing a solution of 

wire and of the Uqnld U;et ptnllel to the wire tOMhes about tbe value l.T volu 
(tike deoomporftion voltage of water). Thia prooeM.wbiah !■ of great indnatrial 
Importaaoe, oaunot Iw oompletelr undentood until the study of poUrlzetlon 
(Ch^tei vni) ie taken up. For a fnither discntticn see Duiiieel, Zttekr. 
WtktrwAem., 9, 266 (1608). 

When higher coirent deusiUei are used, the fraotioual pert of the oatrent 
which flows through the wire becomee greater and greater. This fact has recenUj 
received a practical ^iplicaUon In the fuaion^of metala under water by means of 
large onirente of eleotrioitj. The water le heated bat allghtly by the electric 
cmrent beeauM only a very small part of the canent paaaee thioana it. More- 
over the heatlDg of the water by the glowing metal is lednoed to a Minimum by 
the eristence of the Laidenfraat'a phenomenon. \ 
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potaseiiim sulfate, the two Tessela being oooneoted by means of a tube 
filled with vater as shown in Figure 19, acud is fonned at the wire 
which is connected with the positive pole of the pile and alkali is 
formed at the other wire. 

The same result is obtained if three Tossels, connected in this 
manner, and filled, reapeotirelj, with water, potassium sulfate solu- 
tion, and water are used ^^ ^ ^^ 
vith the two platiaum 
electrodes dipping into the 
end Tessels. The positiye 
pole appears to possess. an 
attraction for the acid, and 
the negative pole for the 
base, resulting in the de- 
composition of the salt. 

Davy desired to study the notion of the acid and base towards the 
positive and negative poles, respectively. He proposed to follow this 
motion by means of litmus paper, and found to his astonishment, that 
the first appearance of acid or alkali was not in the water at the point 
where it came into contact with the salt solution, bnt at the elec- 
trodes, whence it gradually diffused throughout the water. If acid 
and alkali could thus be made to pass through pure water in going 
to the poles, without affecting the litmus on the way, Davy ques- 
tioned whether it was not also possible that they might pass through 
substances fw which they had a great chemical affinity without acting 
upon them. He found that an interposed ooncroitrated acid solution 
did not in any way hinder the passage of alkali to its p<de, nor did a 
concentrated alkali solution hinder tiie passage of acid. There was 
fonnd, however, in the interposed acid and alkali solutions some of 
the corresponding salt. This seemed to indicate that the chemical 
affinity had cansed some of the passing compound to be retained. 
If, further, barium chloride be used to intercept the passage of stil- 
furio acid, barium sulfate is formed, and only after a long time 
does sulfuric acid reach its pole. Here, thought Davy, the chemical 
affinity has completely overcome the electrical attraction. 

A little later Davy crowned his ezperimental work with the dis- 
covery of the alkali metals by the separation of them from their fused 
hydrates by means of the electric current. He thus laid the founda- 
tion for the present day commercial preparation of metallic sodium, 
as, for instance, by the soHialled Caatner process. 

This process consists, principally, in passing an electric current 
through sodiom hydrate which haa been heated but aligbtly above its 
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point of fusion. The metallio sodium which separates at the cathode 
is kept from moving away toward the anode by means of a gaaze of 
iron wire of fine mesh. At the anode both oxygen and watei are 
formed. The former is eyolTed from the fusion to a great extent, 
while the latter diBSolres in the fusion and finally reaches and reacts 
with the metallic sodium at the cathode, forming there hydrogen 
and sodium hydroxide. In this way one half of the metallic sodium 
set free by the cnrrent is reconverted into the hydroxide, so that the 
yield of Bodium by this method never exceeds fifty per cent. If 
the temperature is too high, the metallic sodium also dissolves in the 
fusion and becomes oxidized at the anode. The yield of metallic 
sodium finally becomes zero.' The following equations represent the I 

process under normal conditions. By the action of the electric cur- 
rent, I 
2]!faOH = 2Na + 20H; j 
at the cathode, | 
21fa + 2H,0 = 2NaOH + H,i and 1 
at the anode, | 
40H = O, + 2H,O. 

The BIm and Fall of the Electro-ohemioal Theory of Berseliu. — At 
the time of Davy's great work, Berzelius was just beginning hia scien- 
tific investigations. In one of the first of these, carried out jointly | 
with Hisinger, he studied the action of the electric current upon solu- 
tions of various inorganic substances, resulting chiefly in the estab- ' 
lishment of the first electr(H;hemical theory. This theory dominated 
the science of chemistry for many decades. According to it, each 
chemical atom,(wheii in contact with anothe^ possesses, like a magnet, 
an electro-positive and an electro-negative pole. Moreover, one of I 
these poles is usually much stronger than the other. Consequently - | 
an atom behaves as if it possessed but one pole, either electro-positive 
or electro-negative according as the positive or negative pole, respec- 
tively, predominates in strength. The magnitude and sign of this I 
resultant polarity npon the atoms of a given element determines its | 
chemical behavior. If, for instance, the atoms of an element are i 
electro-positive, it will react with elements whose atoms are electro- I 
negative, and conversely. During this reaction, the two kinds of 
electricities neutralize each other more or less completely, according 
to the degree of inequality existing betweeu the positive and negft- 

1 For a forttm dlaonaakn sm the article by Leblanc uid Brode, " l^e Bleo i 

trolTite of Foaad Sodlun and Fotasslnni Hydtoxidea," ZtecAr. .SMtrocAon., 
0, 6«7 (igOS). 
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tive ohatges upon the reacting atoms. If complete neatralization 
does not take place, the resulting compound itself is electro-positive 
or electro-negative according aa tlie electro-positive are greater or 
less than the electro-negatlTe charges upon the component atoms. 
Gomponnda which thus possess a resultant polarity may then enter 
into further combinations irith each other in such a way as to 
form a complex compound which is more nearly, or quite, neutral. 
Thus the theory explains not only the formation of simple com- 
pooods from their elements, but also the formation of complex com- 
pounds, each as donble salts, from their component simple compounds. 

The essential elements of the electro-chemical theory may, perhaps, 
be more easily comprehended from a consideration of a concrete 
example. Adopting the table of atomic weights used at that time, 
the oxide of potassium would be represented by the symbol KO. 
According to ^e electrochemical theory, the charge of positive elec- 
tricity on the potassium atom is greater than that of n^ative elec- 
tricity on the oxygen atom, and, consequently, the compound £0 
still possesses a certain excess charge of positive electrici^. Sulfur 
combines with oxygen, forming the compound SOf In this case a 
D^ative sulfur atom combines with throe negative oxygen atoms, 
formisg the negative compound SOj. Berzelius explained the ener- 
getic action between these two negative substances, by assuming 
that the sulfur atoms possess a comparatively great positive' ojjarge 
as well as the predominating negative charge, and that the negative 
charge of the oxygea neutralizes the former. Since the molecules 
of potassium oxide are positively charged and those of sulfur trioxlde 
negatively charged, these two kinds of molecules may combine 
chemically with a partial or complete neutralization of their charges, 
forming KO - SO*. It was supposed that the latter compound still 
retained a slight positive charge. An entirely similar explanation k /. , 
applies to the formation of aluminium sulfate, AliO|-(SO,)« 
cept that it was supposed that this salt retuns a slight negative 
cha^e. Assuming the sulfates of potassinm and aluminium to be 
thus oppositely chai^d, it follows from the theory that it should be 
possible to cause them to combine with each other. This explains 
the formation of the double salt, KO • SO, - Al A - (80,)^ 

According to the above theory, chemical and electrical processes 
are closely related, and all compounds have a dualistic nature, being 
formed of an electro-positive and an electro-n^ative component 
This theory is therefore known as ttie electrtHAemiccd or duoIMic 
theory. It was applied throughout the domain of inorganic ohemi» 
try, which at that time was practically the entire science of chemistry. 



^^ 



ti A TEXT-BOOK OF ELECTRO-CHEMISTRY 

and ftlthongli it contained many arbitrary asanniptiona, it perfonn«d 
a great service to science because of its Bystematizing inflaenoe. 

The Laws of Eleetro-olumioal Cihan^. — For serenU decades after 
the eatabliahment of tbe dualistio theory, no considerable advance 
was made in electroobemistry. This' lack of progress was soon 
oonnterbalanced by the important dieooveries which were made by 
Faraday abont the year 1835. He was the first to show that, whether 
electricity is produced by means of friction or by means of a voltaic 
pile, it is capable of produoing the same effects. This fact convinced 
him that there exists but one kind of positive and one of negative 
electricity. He next attempted to discover a relation between the 
quantity of electricity flowing through a oircutt and the magnitude 
of the chemical and magnetic effects which it could produce. His 
results may be expressed as follows : — 

77k« magnitude of the chemical and of the magnaic effects produced 
in a circuit 6y an electrio current is proportional to the quanti^ of 
ttectridty which passes through the circwil. 

A further discovery was made by Faraday by comparing the 
quantities of different substances in solution which are decomposed 
by the same quantity of electricity. This comparison may be made 
in a very simple manner by connecting into one circuit a series of 
solutions of different substances so that the same quantity of eleo- 
trici^ passes through each solution. The chemical decomposition 
prodnoed by the electrio current in each solution may then be deter- 
mined by analysis. The results obtained may be summarized as 
follows : — 

Its gvtaUities of &e d^ffkrmt aubstanoes which separate at the «Ieo- 
trodes throughout the circuit are directly proportional to their eguivaleat 
weights, and are independent of the concentration and the temperatur* 
of the solutions, the sisK of the dedrodes, and ail other dreum- 



The above statement, expressing the relation between the quantity 
of electricity flowing through a conductor of the second class and 
the quantity of chemical decomposition which is produced by it, is 
known as the law of eleotro-ohemioal change, or Faraday's lav. 

If a solution of an acid, of a merourons salt, and of a meronrio 
salt be connected into a circuit by means of platinum electrodes, and 
the chemical decomposition at the negative electrode be measured 
in each case, it is found that for every gram of hydrogen liberated 
in the first solution, two hundred grams of mercury are set free in 
the second, and tme hundred grams in the third. These quantities 
are identical vitli the equivalent weights of these elements. The 
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qnantities of meiouiy aepaiatfld an to each other as 2 : 1, or inversely 
proportional to the Talencea of mereary in the two solutions. 

The fact jost illustrated, that the quantity of an element deposited 
hy a given quantity of electricity increases the lower its valence in 
the solution used, is of commercial importance. For* instance, the 
same quantity of electricity deposits twice as much copper from a 
cuprous chloride (in a sodium chloride solution) as from a cupric 
chloride solution. Therefore, in obtaining ooppet by the electrolytic 
process, the former solution is preferred if other circumstances permit 

The above laws discovered by Faraday, both that relating to the . 
proportionality between the quantity of electricity and the quantity 
of chemical ohange which it may produce, and tJiat relating to the 
deposition of equivalent weights of different substances by the same 
quantity of electricity, havb been proven to hold with great exact- 
ness. At the present time, there is no reason for doubting their 
validity in any case. They hold not only for all solvents, but for 
fusions as well. 

The quantity of electricity which, according to most recent meas- 
urements, is necessary to deposit exactly one equivalent weight of 
any conducting substance is equal to 96,640 coulombs.^ This num- 
ber, which will be denoted by ^, represents the eleotro-chemical unit 
of electricity, and is called the dectro-chemicai coixMmt. The quan- 
tity of electricity, q, will then decompose 169.97 grams of silver 
nitrate with the deposition on the negative pole of 107.93 grams of 
metallic silver. It follows from these values that the quantity of 
silver deposited by one coulomb of electricity, or in other words by 
a one-ampere ennent in one neoood, is equal to 

^.0.001U80g»„.- 

It is evident from these figures that in the case of conduotors of the 
second class, large quontitiea of etecfricity move toiA very smaU guan- 
titiea of matter. In this connection it is interesting to note that^ 
while one hundred coulombs of electricity deposit but 0.111 gram 
of silver, or but a little more than 0.001 gnun of hydrogen, it is 
suf&cient to charge the earth's surface to a potential of more than 
100,000 volts. 

1 Thin valuA !b that adopted by the IntematioiiBl Congnos (or Applied CheiU' 
istry held In 1S03. It wU] be uaed throughout the book. According to the 
■nessorementa of Bichuds and Helmrod (ZUeftr. pApi. Chem., 41, 803, 1903), 
the valne of Uita oonstant is 96,eS0 conlomba, 

1 The table ftt the end of the book oontalns the vslnea for maBy other 
metals, etc. 
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The law of electrocbemiotil change, when first pablisbed by Fara^ 
day, met with great oppositiou, due principally to tbe imperfeet 
conception at that time of the fundamental principles relating to 
electrical enet^ and to faulty understanding of the law. Even 
Faraday himself did not have a clear idea of them. The quantity 
of electricity, for instance, was not distinguished from the quantity 
of electrical energy. Now the law refers to quantity of electricity, 
bat not at all to quantity of electrical energy; for it states that 
when a given quantity of electricity passes through any solution, it 
always produces the decomposition of the same number of chemical 
equivalents of the solute or solutes. It Mates nothing in regard to 
the qtiatUiiff of electrical energy necessary to effect this decomposition. 
Among those who did not understand correctly the meaning of the 
law was Berzelius. He understood the law to state that equ^ qwin- 
tities of energy were required to effect the decomposition of egual 
ehemicai equivalents of different substances. This made tiie law 
seem absurd, for the chemical afGnity or cohesion between the 
particles separated by the electric current in the case of substances 
differing widely from one another cannot be the same. The factors 
of an energy are still often mistaken for the energy itself. 

Eleotio-ohemioal Vomenolatnre. — Besides discovering the law of 
electrochemical change, Faraday also devised the system of electro- 
chemical nomenclature. To explain the phenomena observed during 
the passage of electricity through a solution, he assumed that the " 
movement of electricity was associated with a movement of particles 
of ponderable matter. These particles he called ions. Those ions 
which move in the direction of the positive electricity he called 
cations, and those which move in the opposite direction, anions. 
Substances which conduct electricity with an associated movement 
of ions, or conductors of the second class, Faraday called ^drolytes, 
and to the conduction of electricity by an electrolyte he gave the 
name electrolysis. The name etedrvde he gave to the surface of con- 
tact between conductors of the first and second classes of the circuit 
That surface to which the cations move received the name catho'U, 
and that to which the anions move, the name anode. These terms 
will be used throughout the remainder of the book. 

Development of the PreMBt Theory of Eleotrolysis. The Orottiiu 
Theory. — Those who first recognized the deoomposition of water by 
an electric current, as already indicated, songht an explanation for 
the simultaneous appearance of hydrogen at one electrode and of 
oxygen at the other. It was not until 1805, however, that a com- 
prehensive tliemy for this phenomenon was put forward. During 
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that year saoh a theory was pabliehed fay GrotthuA. According to 
thifl theory, the electric current charges one electrode positirely and 
the other negatively, and these charged electrodes then exert an 
electrical inBuence upon the water molecules. Under this influence 
the water moleculea (then represented by HO) acquire a polity, 
the hydrc^n atom becoming charged with positive, and the oxygen 
atom with negative, electricity. The positive electrode then attracts 
the n^atively charged oxygen atom ; and the negative electrode, the 
positively charged hydn^en atom, causing the water molecules to 
arrange themselves in the order represented by the row a in Figure 
20. If now the electromotive force applied to the electrodes, and 
the consequent charge of electricity upon the electrodes, is great 
enough, the attraction exerted on the atoms 1 and 1' nearest the 
electrodes causes the decomposition of their respective water mole- 
cules. Each of the attracted atoms then moves to the electrode 
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attracting it, where its charge is neutralized by the charge on the 
electrode, and it assumes the form of electrically neutral gas. The 
oxygen and hydn^n atoms 2 and 2' which are thus left free in 
tiie solntion, according to the theory, combine with the hydrogen 
and oxygen atoms 3 and 3' respectively, of the adjacent water 
molecules, forming new molecules of water. The action continues 
with the other wstec molecules between the dectrodes, resulting in 
a row of new water molecules, arrai^ed as represented in the row b 
in the above flgnre. Under the attractive forces of the charges on 
the two electrodes, these new molecules are then orientated like 
those represented in row a, and the process proceeds as before. 
This explanation satisfied the scientific world for many decades. 
The Condnntanoe of Solatioiu and the Constitntion of Zou. — 9ooa 
titet Grotthus advanced his theory, the question whether the water 
or the dissolved substance conducted the electric current, and the 
question as to what constitutes the positive aod the negative ions, 
were exhaustively studied. The opinion was for a long time divided. 
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In general, it was usual to avoid the former question by simplj stat- 
ing facts without involving any particular conception of the prooesa 
of electrolysis. For instance, it was a common mode of expression 
to speak of "water which by the addition of sulfuric acid has become 
a good conductor," i.e. merely a statement of experimental obser- 
vation. The question regarding the constitution of anions and 
cations of various dissolved substances also was the subject of con- 
siderable disagreement. The opinion advanced by Berzelius was the 
first to be universally accepted. According to this opinion, in the 
case of sodium sulfate, KaO ■ S0» NaO ia the positive ion, or cation, 
while SO, is the negative ion, or anion. These ions move to the 
cathode and anode respectively, where they combine with water 
forming alkali and acid. Sometime later the view was expressed 
that the ions of this salt are ITa and SO4 instead of those given 
above. 

Both of the questions considered in the preceding paragraph 
were answered by an experiment performed by Daniell. The answer 
can, however, be considered as decisive only in the light of the con- 
ceptions then accepted. Daniell electrolyzed a solution of sodium 
salfate and one of sulfuric acid simultaneously in the same circuit, 
and found that the quantities of hydrogen and oxygen liberated 
^m each solution were the same. He found, further, that the 
quantities of acid and alkali formed at the electrodes in the salt 
solution wpre equivalent to the above quantities of hydrt^n and 
oxygen. The results of the experiments show the conception of 
Berzelius regarding the ions of sodium sulfate to be untenable. 
According to his conception, it would require twice as much electrio- 
ity to form the above quantities of acid and base and also to set 
free the above quantities of hydrogen and oxygen in the salt solu- 
tion as it would to set free the same quantities of hydrogen and 
oxygen in the acid solution. Since both solutions are in the same 
circuit, it is evident that this is in contradiction to the law of electro- 
chemical change (Faraday's law). In agreement with this law, 
Daniell explained his experiment by assuming that Na is the positive 
and SO, the negative ion, and that these ions give up their electric 
chains at the electrodes and then react with water, producing alkali 
and hydrogen, and acid and oxygen [according to the following 
equations : — 

2 Ka -H 2 HO = 2NaO 4- H, (at the cathode); 

2 SOi-H 2 HO =! 2 HSO.-h O, (at the anode)]. 

It follows from this theory that the quantities of acid and alkali 



; 



; 
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formed in the salt stdntioii innst be equivalent both to tiie qnaotitiea 
of hydn^en and oxygen set free in the same solution and those set 
free in the acid solotion. The requirements of the theory agree 
then exactly with the results obtained by experiment It also 
follows from this theoiy that the salt alone must hare oonducted the 
electricity throi^h the solntion} for if the water conducted a part of 
the electricity, besides the hydrogen set free as a result of the above 
secondary and purely chemical reaction, there would be a quantity 
of these two gases set free corresponding to the quantity of electric- 
ity conducted by the water. In this case the quantities of acid and 
alkali formed must always be less than the equivalent of the quan- 
titiea of oxygen and hydrogen set free. This is contradicted by the 
experimental results already mentioned. 

liater experiments made by Hittorf and Kohlrausch confirmed the 
explanation of the phenomena of electrolysis given by Daniell. Ac- 
cordingly, the metals and radicals behaving like metals, such as H', 
Na", K; Ag, Hg", Hg" ', Fe' ", ¥e ' ', NH;, NH,(CH,)-, etc., are 
considered to form positive ions, while all remaining atoms or groups, 
of conducting substaaces in solution, such as OH', NO,', CI', Br', I', 
Fe(Clf)s' ' ', Fe(CN)g' ' ' ',' etc., are considered to form negative ions. 
It is seen here that there are isomeric ions of different valences 
among both the negative and the positive ions. For instance 
Fe(CN%' ' ' is the negative ion of potassium ferricyanide, and 
Fe(GN)g' ' ", its tetravalent isomer, is the corresponding ion of 
potassium ferrocyanide. It is by means of such ions as those given 
above, formed almost entirely from the dissolved substance, that 
electricity ia conducted through a solution. The Metrical conductance 
of a BolutioH is, therefore, a pntpertjr of tite diMoIved Mbstanee, the 
aoittte, and not of the solvent. 

B«pIaoement of the OrotthOB Theory bj the Clauiiu Theory.— 
As science gradually developed, the imperfection of the theory ad- 
vanced by Grotthus became more and more apparent. According 
to this theory the splitting of the molecules, which is necessary for 
the conduction of electricity, cannot take place until the electro- 
motive force is sufficiently great to overcome the afBnity or cohesion 
between the two components of the given compound. As a matter 
of fact, however, it was fonnd that, under suitable conditions of ex- 
periment, it is possible to cause an electric current to pass through 
a solution ev^i when the electromotive force of the current is ex- 
tremely small. For example, such an electric current will pass 

' As reconmended by Ostwald, a dot it used to denote a podtlve obuge and 
a prime to ieag^ a uegattTe chai^, 

1 
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through a solatdon of eilrer nitrate betveen silver electrodes, causing 
silver to dissolve from one electrode and to deposit upon the other. 
The entire action thus oonsists merely in the transfer of Bilver from 
one electrode to the other. It follows from what has just been s^d 
Uiat Ohm's law holda for all ditEeiences of potential, from the small- 
est upward, in the caae of electrolytic conduction. 

In order to show still more clearly the incompatibUi^ of the 
Q-rotthus theory and experimentally determined facts, let us consider 
the following illastration : If to each point in a horizontal row of 
points, a small sphere is held with a certain force X, then a move- 
ment of the entire row of spheres in a horizontal direction, such 
that each sphere moves to the position of the sphere in front of it, 
can only t^e place by the application of a force sufBciently great 
to overcome the force X Even with the application of such force, 
a continuous " current " of spheres can only be maintained when the 
spheres moving away are continually replaced by others. The 
analogy between this "current" of spheres and the current of 
molecules assumed by the Grotthua theory is at once apparent. 

Clausius was the first to direct attention to the disagreement of 
the Orotthus theory or conception of electrolysis with facts. Baaing 
his conclusions upon the experimental results already mentioned, he 
declared "every assumption to be inadmissible which requires the 
natural condition of a solution of an electrolyte to be one of equi- 
librium in which every positive ion is firmly combined with its nega- 
tive ion, and which, at the same time, requires the action of a 
definite force in order to change this condition of equilibrium into 
another differing from it only in that some of the positive ions have 
combined with other negative ions than those with which they were 
formerly combined. Every such assumption ia in contradiction to 
Ohm's law." 

It is a necessary conclusion from the above statement of Clausins 
that the individual ions must exist uncombiued and free to move in 
the solution. Clausius himself was prevented from drawing this 
conclusion by the prevailing theories of his time. He chose rather 
to follow a middle path by assuming that the positive and negative 
particles of a molecule of a dissolved electrolyte were not firmly 
combined with each other, but were in a state of vibration, and that 
often this vibration became vigorous enough to cause the positive 
part of one molecule to come into the sphere of influence of the 
negative part of another molecule, with which it then, for a time, 
vibrates. The positive and negative particles, thus left Momentarily 
free, soon come into the sphere of influence of oppo^^tely chafed 
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parts of other molecoles with which thev, also, for a tint- 
ThuB there takes place in a solution a constant ezohangi 
the positlTe and negatave parts of the moleeules of the . 
electrolytes. When now an electric current flows throngh t 
tion, an electrical force is exerted in the direction of the ( 
and the vibration and exchange between the positive and ii087i ^* 
parts of the molecules no longer ta^e place with entire irref Aleut of 
as before, but take place in sneh a manner that the v:f^7 pro- 
1)60011)0 more vigorous and the exchanges more frequent ^^ quan- 
direction of the acti(m of the electrical force. If a cross e^oti one 
the solution be taken perpendicular to the direction of th^ lipulombs, 
force, then evidently more positive particles would move throT^OifiJ^t 
in the direction of the current of positive electricity > r positiv^~^ 
direction, than in the direction of the current of negative eleotrioity 
or negative direction, per unit of time, and similarly riore amative 
particles would move through it in the direction of the current of 
negative electricity than in the opposite direction. ? There is, then, 
a resultant motion of the positive parts of th*: molecules in the 
positive and of the negative parts in the n^ativa direction through 
the (fross section. It is by means of this '-wvement of the two 
oppositely charged parts of the molecnles of ^h^ dissolved electrolyte 
that the electric current passes through a solution. 

From this discussion it is evident t^at, whereas Grotthns assumed 
that the electric current decomposed the dissolved molecules of the 
electrolyte, Claosius assumed that the electric current merely guid^ 
and hastens the charged parts of the molecules toward the oppo- 
sitely chai^d electrodes, respectively, dnring their momentarf 
periods of freedom. The latter theory was generally accepted 
almost up to the present time. 

At about the same time that Clansios advanced his theory, 
Hittorf began work npon the migration of the ious, and a little 
later Kohlransch commenced experiments npon the electrical con- 
dnctance of solutions. The work of these investigators greatly 
increased the knowledge of the process of the electrolysis. Making 
use of their work, Arrhenius in 1887 replaced the theory of vibrating 
ions of Clausius by the theory of free ions. 

Relation between Clumioal and Xlectrioal Energy L — When Volta 
stated that electricity was pi-oduced at the point of contact between 
two metals (see page 33), the law of the conservation of enei^ had 
not been advanced, and therefore he did not know that the energy 
of the electric cnrreot could only be produced at the expense of 
some other form <i£ energy. He otmsidered perpetual motion to be 
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throagh a and believed also that an arrangement might be derised | 

silrer to diuld neither wear out nor require attention, and which, 
The entirq would be capable of furnishing an unlimited quantity of 
one electtt eaergy. Since the middle of &e last oentaiy, when the ' 

that Ohuthe conservation of energy was discovered, these views of ' 

est upwif necessi^ have suffered a change. The chemical reaotions 
In ontake place between metal and liquid, which earlier were 
Gtotthusid insignificant phenomena of the electric current, are 
the followjnized as the source of the electric current They famish 
points, a ey necessary for its productitm. 

ment of ^^Iparkable that the source of the electromotive force of the 
*^ll' ntf wa. I assumed to be at the point of contact of the two dis> 

( als. Without the best of reasons, it is clearly inadmis- ' 

sible to coivsider that the reacti;ons which take place about the 
electrodes art- the source of the electric current and, at the same 
time, to considtT that the source of the electromotive force is situ- ^ 

ated at another ,^int. It would be quite as reasonable to assume 
that when a qnant'ty of heat is generated at a given point in a eir- 
ciiit, the rise in tCAperatnre corresponding to it takes place at a 
different point. The <umplest assumption is that the source of both 
electrical enei^ and ekMtromotive force is at the same point. This i 

assumption is justified as long, as it is not shonii to be untenable. 
As a matter of fact, with it, it is possible to explain perfectly the I 

existing relations. At the present time, the electromotive force of a 
cell is c<Kisidered to be made up of the sum of the two potential- I 

differences oocurring at the surfaces of contact between the two 
electrodes and the liquid. 

After the establishment of the law of the conservation of energy, 
and after it was recognized that the processes which go on in a i 

galvanic cell give rise to the electrical energy, the question whether I 

or not the chemical energy involved in these processes, as measured | 

by the heat which they generate, is completely transformed into 
electrical energy, still remained to be answered. ' 

The Daniell cell (see Figure 3) may be represented by the follow- 
it^ scheme ; — 

Zn — ZnSO, solution — CuSO, solution - On, 

When the cell is in operatiim, zinc goes into solution and copper 
separates out Now the heat generated by the reaction involved is 
known from thermoohemical measurements. When equivalmt 
weights of the substanoea enter the reaction, it amounts to 26,050 
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oaloiies. Hence the thennocheinica] equattoa, involTii^ tro eqnivfr 
leate of the subetances in question, is as follows : — 

CnS04+ Zii = ZnS04+ Ca + 2 x 26,060 calories. 

II now instead of heat this naotion prodncee eleotiical energy, the 
ctnanti^ of the latter produced would be the electrical equiv^ent ef 
26,060 calories. The quantity of electrical energy actually pro- 
duced by the cell can be easily calculated as follows : The quan- 
tity of electricity which flows through the circuit when one 
equivalent of copper is deposited is equal to 96,540, or ^ coulombs, 
since it f<dlowB from Faraday's law that, whenever one equivalent 
of any substance is dissolved or deposited electrically, this quantity 
of electricity always passes through the circuit. The electromotive 
f oroe of the cell in volts can be measured and the electrioal-heat 
equivalent is known, 

1 Toltcoulomb = 0.2387 calorie. 

The electrical energy produced by the cell, expressed in calories, is, 
therefore, 

0.2387 X 96540 xr calories. 

The chemical energy of the reactions involved is 26,050 calories. 
If the chemical energy is completely transformed into electrical 
ene^^, we have the following equation : — 

0.2387 x 96640 X F = 25060 ; 
or F = 1,087 volts. 

Since this value of the electromotive force of the Daniell cell is very * 
nearly identical with the value of the electromotive force found by 
experiment, it may be conduded that the chemical energy is com- 
pletely transformed into electrical energy. 

liater experiments carried out with other cells gave results not in 
agreement with this conclusion. The question was finally answered 
l^ the theoretical and experimental investigations of Willard Gibbs, 
F. Braun, and H. von Helmholtz. These investigators showed that 
there is usually a difference between the chemical energy consumed 
ia a cell and tike quanti^ of electrical energy given oat by it. This 
difference is made ^vident by ati evolutioQ or an absorption of heat 
hftheoelL 



CHAPTER III 
THB THBOBT OF BLaCTHOI.TnC DISSOCIATIOir 

The theory advanced by Arrheniua in 1867* gave a great impulBe 
to electio-Ghemical research. By means of it, the relation between 
irell-known facts irhioh formerly seemed to have nothing in com- 
mon became at once evident. It has also been an invaluable aid in 
making further discoveries. So fundamentally important has this 
theory become, that it is considered to be the foundation of the 
electro-chemical science of today. Its development, and then the 
present atatos of eleotnxihemistry in light of the new conception, 
vill therefore be considered in detail. 

In 1887 van't Hoff published an article in the first volume of the 
ZeUtchriJt f^ physikalisehe Chemie entitled, " The B81e of Osmotic 
pressure in the Analogy between Solutions and Gases." In this arti- 
cle he showed, both theoretically and experimentally, that the gas 
laws of constant pressure-volume product (Boyle) and of partial 
pressures (Gay-Lussac) apply also to dilute solutes. He also stated 
the following very important generalization of Avogadro's principle : 

Tits tame number of goMova or of aolvte moiecuiea are contained in 
a given volume of any gas or of any solution, reapeetivelj/, when, at the 
tame temperature, th/e gaaeotu presaure and the omiotic preeaure have 
the game value. 

The Lavs and ThsoriM relating to Oimotia Pretnue. — The mean- 
ing of the term osmotic presntre may be made clear by a description of 
an experiment. Consider an apparatus, such as is shown in Figure 
21, consisting of a vessel A filled with water and an upright tuba 
B, open above and closed by a semipermeable membrane m below, 
which contains a quantity of an aqueous solution as, for example, of 
Bi^ar. The lower end of the upright tube is then submerged in the 
water contained in A until the water and sugar solution are at the 
same level a. 

The semipermeable membrane is of such a nature as to permit the 

free passage throi^h it of water but not of sugar molecules. Many 

skins and precipitates possess such a semipenneable nature^ A pre- 

iZUAr.pkf- Chem., 1, 681 (18BT). 
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cipitated semiperme&ble membrane ma; be prepared hj closing tha 

lower end of the upright tube with a piece of parchment paper or a 

piece of nnglazed porcelain, and plaoiag in the 

tabe a solution of potassium ferrocfanide and 

in the vessel A a solution of copper sulfote. 

The two soIntionB then penetrate the pores of 

the parchment or nnglazed porcelain from 

opposite sides, and, meeting within, form a 

precipitate of copper ferrocyanide in the pores. 

After washing free from the salts used in its 

preparation, the membrane is ready for use. 

With the apparatus thus completed and 
ready for action, it is observed that the sur^ 
&ce of the liquid in the upright tube steadily 
rises, due to the influx of water through the 
membrane into the sugar solution. In order to 
prevent the water from entering Uie upright 
tube in this way, a definite pressure must be 
exerted downward on the surface of the sugar 
solution in B. That pressure which is just sufficient to hold the 
level of the liquid in the tube at its ori^al position a is equal 
.to the osmotio pressure of the sugar solution. In the figure, the 
hydrostatic pressure of the liquid column ab is equal to the osmotic 
pressure. This osmotic pressure exerted by the molecules of solute 
is analogous to the pressure exerted by gaseous molecules. 

The general equation expressing the laws of constant preseure- 
Tolome product (Boyle) and of partial pressures (Gay-Lussac) and 
the principle of equimolecular volume (Avogadro) for all gases is 



^^ 



Fia.si 



pv = nItT, 



where p is the pressure exerted by a gas upon a surface of one square 
eentimeter, v its volume, n the number of mols (molecular weighte 
expressed in grams), B a constant, and T the absolute temperature. 

The expression ^ has a constant value for one mol of a perfect gas, 

independent of its nature or concentration. This constant value is 
represented by B, and is called the gaa eoastant It represents ex- 
perimentally determined facts, although the theoretical concept, the 
mol, is involved indirectly. Whenever the molecular volume of any 
gas in cubic centimeters is multiplied by its corresponding pressure 
in grams per square centimeters, and the resulting product divided 
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b; the absolute tempentnte, tlie T«lne of R ia obtained, namelj, 

84800 => 0.8316 x 10* ergs =0.0821 litei-atm. = 1.985 calories. 

An equation, identioal in form with the above general gas equa- 
tion, applies to solutes. A consideration of an ezperiment performed 
by FfetEer vill make this evident. He fonnd that the osmotic pres- 
sure P exerted upon an area of one square centimeter by a one pet 
cent Bi^ar solution at 6.8° ( or 279.8° T is equal to 60.6 oeati- 
meters of mercury or 60.6 x 13.59 grams. Since 100 cnbio centi- 
meters of the solution contained very nearly one gram of st^ar, and 
since one mol of sugar ia 342 grams, the volume of eolation V con- 
taining one mol of sugar is 34,200 cubic centimeters. Coiueqaentlf 
for this sugar solution 

This Talae, witiiin the limits of experimental error, is identical with 
the value of the constant S, obtained from the analogous expression 
^> It is evident, from this identity of the numerical value of -— - 

and ^, that the otmotic pressure exerted by (he diatolved svgar mota- 
tndea m equal to the gtu presture which the lame molecuJet would exert 
if tlte sugar existed as a gas in the same volvme and at the tame 



Having considered the phenomenon of osmotic pressure and the 
laws which it obeys, it is unnecessary as far as the phenomenon it- 
self is concerned to form special couceptious concerning its mechan- 
ism. Since, however, osmotic presBore figures prominently in the 
discussions in the following pages, and since many new conceptions 
are most clearly understood by means of their &nal<^ with it, the 
following hypothetical discussion of the canse of osmotic pressure is 
given: — 

If a sugar solution be placed in a glass tube which is sealed at the 
bottom, no evidence of osmotic pressure is observable. At the sur- 
face of the solution there exists a pressure, called the internal pres- 
sure, directed inward at right angles to the surface, amounting to over 
a thousand atmospheres.' In the case of a one per cent sugar soluticm 
there is a pressure, the osmotio pressure, amountii^ to only about one 

< Ezpotmen tally dBtarminedf acts, irtilch oanoot be deoerlbed here, hkTS neoe*- 
■iUled tlM recognition of looh a prMRue. Ostwald, Allggm, Chen., ToL H, 
page 638, second edition. 
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abnosphere, directed againfit this enormous internal pressure. This 
is due to the dissolved sugar moleoules, which act in the water jnst 
as ihey would if they were in the gaseous state and confined in the 
same Tolame. Even with very concentrated solutions the internal 
pressure is still hundreds of atmospheres greater than the osmotic 
pressure. It is because of this that the vessel containing a solution 
is not broken by the osmotic pressure which is exerted in the out- 
ward direction by the dissolved substance. As it is, only the weight 
of the solution itself exerts a pressure upon the walls of the con- 
taining vessel. 

By the employment of a semipermeable membrane, however, evi- 
dence of the phenomenon of osmotic pressure may at once be ob- 
served. As already noted, when the upright tube in Figure 21 is 
elosed at its lower end with such a membrane, partly filled with a 
sugar solution, and then set in position as described, water enters 
tiirough the membrane unless opposed by a pressure in the opposite 
direction equal to, or greater than, the osmotic pressure of the solu- 
tion. The solution is bounded by its surface of contact with air and 
with lie walls of the tube aud by the porous membrane with which 
the solution forms no continuous surface, since it is permeable to 
water. At all the surfaces the internal pressure P^ is exerted in- 
ward, and the osmotic pressure of the dissolved sugar P outward, 
while at the membrane, since there is no liquid surface, only the os- 
motic pressure P is exerted. Because of this, osmotic pressure is 
sometimes defined to be the pressure exerted on the 
membrane by the dissolved substance. Besides the 
pressure which would be exerted if the tube con- 
tained pure water, the solution, then, exerts os- 
motic pressure which tends to expand it. This 
expansion can take place, however, only when, by 
means of a semipermeable membrane, water can 
enter the solution. It is for this reason that e 
dence of osmotic pressure is observed only when a 
semipermeable membrane is used. 

The rising of the solution in the tube due to : 
pressure exerted by the dissolved substance may ■ 
perhaps be more easily comprehended by calling 
to mind the action of a suction pump. 

[If water is placed in the tube and outer vessel as ' 
shown in Figure 22, it will assume the same level 
if the downward pressure a and a' are equal. If, however, the 
downward pressure a is diminished by raising the piston p, water 
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will flow throi:^ the membr&ne and rise in the tube as in the case 
of the BTictioQ pnmp. The same movemeat of water would evi- 
dently take place if, instead of decieasing the downward ptewnie 
a upon the snr&oe of the water in the tube, an upward pressuze a' 
gainst the eurf ace is allowed to aot. As already shown, such an up- 
ward pressure may be produced hj dissolving in the water some 
substance, as, for example, sugar. Hence it is that the osmotic pres- 
sure, which is this upward pressure, causes the liquid to rise in the 
tabe.]> 

The far-reaching analogy which exists between the behavior of 
gases and of dilute solutes was first pointed out by van't Hoff. He 
was also able to deduce, from the laws of osmotic pressure, analc^ous 
laws applying to phenomena, which, apparently, were not related to 
osmotic pressure, such as, for instance, the lowering of the vapor 
pressure or of the freezing point of a solvent by dissolving a sub- 
stance in it. The laws followed by these phenomena had already 
been empirically established, principally by Kaonlt They may be 
expressed as follows : — 

Thx lovierivg of the vap»r pressure or of the freezing point of a solvent 
caused by a dissolved si^istance is directiy proportional to its eoncerttnt- 
tbyn. 7?k« lowering, in each case, for a given solvent is the same for 
egutmotor aolvtions of aU «u6stances. Equimolar solutions ccmtiun, 
in the same quantity of solvent, such quantities of dissolved sub- 
stancoa, respectively, as are proportional to their molecular weights. 
These laws made possible a considerable increase in the knowledge 
of the constitution of matter, especially in regard to the molecular 
weights of solutes, or substances in solution. Previously, molecular 
weights could be determiued only in the case of those substances 
which could be volatilized without undergoing chemical change. 

The laws of constant pressure-volume product (Boyle-Hariotte) 
and of partial pressures (Gay-Lussa») are laws of a limiting condi- 
tion, holding strictly only for gases at extreme dilution. Therefore, 
from the analogy which exists between gaseous and osmotic pres- 
sures, it would be expected that deviations from the simple laws of 
solutions would be found in the case of concentrated solutionB. 
Such has indeed been found to be the case when, aa has been the cus- 
torn, the volume involved was taken equal to that of the solution. 
Recently, however, very surprising results have been obtained by 
Morse and Frazer* in their experimental work on osmotic pressure. 

) For a more exact defiuitioii of oonoUo preonue, see Flan^, Zttekr. phfs. 
Oh«m.,4S, eB4(190S). 

> Zttehr. Elektrochem., 11, (121 (1905). 
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The; found that, even for concentiated solutioiiB (qtot 30%), the 
foUowing statement holds : — 

TTte osmotic prewure exerted by cane wugar m vmter ao/ution is equeA 
to that vihiek it vx>vid exert at tlie some temperatwre }f it esei^ed aa a 
per/bet gas expanded in the vobtma oecwpied by the pure solvent. 

Calculating in a similar manner, it Ims also been found that the 
freezing-point lowering is normal even foi oonoenttated solutions. 
We may well be impatient to see whether or not this relation, which 
is without analogy in the gaseous state, obtains generally. 

Abnonuli^ of Adds, Batei, and Balti. Eleetrolytio Sisaoda- 
tum. — One great difQcolty presented itself, and oast a dark shadow 
upon the otherwise bright theory of solutions. Almost all aoids, bases, 
and salts which are soluble in water produce in water solutions a 
much greater osmotic pressure, vapor-pressure lowering, and freenng' 
point lowering than that calculated on the assumption that the mo- 
lecular weights derived from a study of their vapor densities and 
ehemical properties are correct Corresponding to the abnormality 
of these properties, the ralues of the molecular weights of these sub- 
stanccs calculated from these properties are, of course, abnormally 
low. 

Not very long before, the moleculax theory of gases had been in a 
similar position, because of the deviations of the vapor densities of 
a number of substances from the requirements of the theory. It was 
only with considerable hesitancy that the explanation of these ab- 
Qorroal values on the assumption of a dissociation of the molecules 
of the gases was then accepted, although at the present time the cor- 
rectness of this assumption is never doubted. Certainly, it was nat- 
ural in the light of the close analt^ known to exist between the 
gaseous and the dissolved state, to assume that in solution a similar 
dissomatioD takes place. From thermodynamioal considerations, 
the physicist Planok concluded that such a dissociation does take 
place.' This conclusion was not, however, shared by chemists. In- 
deed, such a Buppoeition seemed absurd, for it required that sub- 
stances like potassium chloride, in which tJie atoms were considered 
to be held ti^ether by the strongest chemical afiBnity, should sponta- 
neously decompose and exist in water solution as potassium and 
chlorine, in spite of the fact that metallic potassium reacts very en- 
e^etically vrith water. Moreover, the supposition seemed to be con- 
tradicted by the law of the conservation of ene^y ; for It apparently 
implied that substances which combine ene^etically wiUi the get^ 
etatitm of nnoh beat may separate again spontaneously. 
• Ztecftr. phyg. Chem., 1, 677 (1887). 
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Before such a radical ofaange oould be made in the cooeeptions of 
the oonatitutioa, in water solution, of these important olassea of 
oompounds, it was necessary to remove the apparent contradictions 
of the new conception to laws of well-proven validity, and also to 
present strong evidence of its correctness. This was done by 
Arrhenius. 

In an early inveBtigation of the electrical conductance of electro- 
lytes, Arrhenius had already recognized two kinds of solute ULoleculea, 
namely, active molecules which caused the electrical conductance, 
and the inactive molecules. He also expressed the opinion that at 
extreme dilution all the inactive would be transformed into active 
molecnieay He recognized an "activity coefBcient" of a solution 
which is defined b^ the equation, 



Number of active molecules _ 
Total number of molecules 



: activity coefBcient 



At infinite dilution the value of this coefBcient would, then, be unity. 
For all other dilutions, it would be leas than unity and would express 
the ratio of the equivalent conductance at a given dilution to the 
limiting value of the equivalent conductance, or the equivalent 
conductance at infinite dilution. He had not then shovm in what 
respect the active molecules differ from the inactive. ^ As soon as 
the above-mentioned works of van't Hoff appeared, Arrhenius was 
able, by comparing the freezing-point lowering produced by electro- 
lytes with the electrical conductance of their solutions, to adduce 
remarkable and convincing evidence of the correctness of the theory 
of electrolytic dissociation. 

Caloolation of the D^iee of DiMociation. — As already stated, 
there Is a class of compounds, such as sodium chloride, for example, 
which give an abnormally large lowerit^ of the freezing point 
Thus while one mol of sugar dissolved in ten liters of water lowers 
the freezing point by about 0.186°, one mol of sodium chloride (con- 
sidered as NaCl), dissolved in the same volume, lowers It by nearly 
twice that value. It is evident that, if van't HofTs principle be 
accepted as applying to this case, and the sodium chloride be con- 
sidered as dissociated in solution into a sodium and a chlorine par^ 
the extent of this dissociation may be calculated from a knowledge 
of the deviation of the freezing-point lowering of the salt from the 
freezing-point lowering of an undiesociated substance. 

T^ Abnormal freezing-point lowerii^ ^ . 

Normal freezing-poiiit loweimg' 
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vheie the abnormal value ia the value actually determined, and th« 
normal value that which would be obtained if the salt was entirely 



Then t => 1 — x + ni^ 

where x represents the degree of diAsociatdon and n the number tA 
parts into which one molecule diasociates. For the salt NaCl, n ia 
equal to 2, and for MgCljS, and so on. 

The degree of dissooianon x is then givMi by the equation, 

i-1 
n-1 

Arrheniiu calculated the degree of dissociation, or, as he called it, 
the affinity constant, for a great many substances from the known 
values of their freezing-point lowering, and found that the results so 
obtained agreed with the dissociation values which he obtained from 
measurements of the electrical conductance. It follows from this, 
(hat otdy thote eubalawxt in vxUer aolvtion conduct the electric curretU 
vAich are to aome degree dissociated, and that the greater the degree of 
dissociation the more readily does tAe avbstance conduct the electric 
current. It is a logical conclusion from these statements that th^ 
conductance of a solution is dve entirely to dissociated parts of the 
molecuies. Arrhenius ascribed electrical charges to these dissociated 
parts and called them ions. 

Even at that time Arrhenius called attention to the fact that many 
other physical and chemical phenomena were very clearly explained 
upon the assumption of the existence of free ions in solution. 

Piuiwilarity botween Oaseoni and Ueotrolytie IHiaoaiation. The 
laoM. — It is evident that there is an important difference between 
disspciatian in the dissolved and that in the vapor state, as, for 
instance, in the case of ammonium chloride vapor. In the former 
case only ate the parts of molecules resulting from dissociation 
charged with electricity. The question at once arises as to the 
source of these charges of electricity which appear suddenly when 
an electrolyte is dissolved in water. They seem to be produced 
from nothing. It is not difficult to give a satisfactory answer to this 
question, as will be evident from the f ollowit^ theoretical discussion. 
Consider, for example, equivalent quantities of the elementary sub- 
stances, sodinm and iodine. They possess definite quantities of 
chemical and internal energy. If now they be allowed to react 
with each other to form sodium iodide, they lose a portion of their 
chemical or internal energy in the form of heat. The rest of the 
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«nei|;7 origiiuJly poeseased by the Bodimn and iodine Temain asso 
dated with the salt, sodium iodide, until some further change is 
allowed to take place. If the salt be diBSoWed in water, it dissoci- 
ates to a lai^ extent, and tlie chemio&l oi internal energy is again 
decreased, this time with the appearanoe of the equivalent quantit>y 
of electrical energy in the form of equivalent positive and negative 
charges on the sodium and iodine ions, respectively. It is evident 
from this disonsaioD that the sodium and iodine ions differ from the 
elementary substances, sodium and iodine, in that they possess eleo- 
trical energy, and also in that their energy content is less. They 
may be transformed into the corresponding elementary substances 
again by supplying electrical energy to them by means of an electric 
onrrent under suitable conditions. Whea the ions hare taken up 
the requisite quuitity of energy, a transformation of electrical into 
chemical ene^y takes place, and the sodium and iodine separate at 
the electrodes as elementary subBtancea. 

We may now inquire into the causa of this transformation of 
chemical into electrical ene^y when sodium iodide is dissolved in 
water, and also question the possibility of positively and negatively 
charged particles existing together in a solution without neutraliziiig 
each other. This* inquiry and tJiis question is briefly answered by 
an assumption of the theory of electrolytic dissociation. 77ii» 
asnttnption states that the aolvent poasessea the power of catuing ihi» 
transformation of energy and of preventing the mutual neutraiization of 
the ions. It may be questioned further whether the assumption of 
electrically charged particles is of value to science. Experience up 
to the present time answers this question emphatically in the afBr- 
mative. 

Ionization aocordisff to the Material Conoeption of Bleotricity. — 
Accmrding to the material conception of electricity indicated in the 
note at^the bottom of pi^e 26, an ion may be considered to be a com- 
pound of positive or negative electrons with the element in question. 
These two new elements, or electrons, are represented by the sym- 
bols), ® and Q. The formation of an ion is, then, entirely analogous 
to the formation of a compound from two ordinary elements. For 
instanoe, in the formation of ions from sodium iodide, the sodium 
atoms combine with positive and the iodide atoms with negative 
electrons according to the reaction, 

N aH- e + e = Na® -I- 1© = Na' ■(- r. 

This conception is very comprehensive, for, according to it, the law 
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of eleotnMihemical change (Farsd&y's law, see page 42) appears as 
a consequence of the laws of definite and multiple proportion. 

Althot^h the theoiy of electrolTtic dissociation was not spared 
great opposititm in its early years, it has successfully advanced until 
at the ptesent time by fat the greater number of investigatorB accept 
it and recognize its value. As a matter of fact, it possesses the ad- 
vantages to be expected of a good theory. It correlates a large number 
of apparently unrelated fiiets and serves as a good guide for new in- 
vestigations. At present there is no other theory dealing with the 
same subject that even approaches this one in usefulness, and for 
this reason it will be applied throughout the book. However, it 
tJiould be borne in mind that U ia a theory and not a doffma that is in- 
volved, the eotwiuaioiu from which miut be impartiaUy tested by eseperi- 
mentally determined facte. 



CHAPTER rV 
THB maBATTOH OF lOITS 

AcooBDiHG to the diasooiation theoty, eleotrolTtes exist in aqneoos 
solution ^jUj in the f onn of iona, each of which posBCsses a definite 
electrical ohai^a For example, in a solution of hydiochlorio acid 
there are hydrogen ions, H', chafed with a definite quantity of posi- 
tive, and chlorine ions, CI', charged with an equiralent quantity of 
Begative, electricity. Calling to mind the law of electro-chemical 
change, or Faraday's law, it may be stated, first, that the conduction 
of electricity through a solution takes place only by means of a 
morement of those ponderable particles which are charged with 
electricity (in the above case, the hydrogen and chlorine ions) ; and 
second, that chemically equivalent quantities of these particles are 
charged with equal quantities of electricity. 

A galvanic, or, what is the same thing, an electric, current may be 
produced in an electrol3rte by dipping into it two electrodes which 
are connected with the positive and negative poles, respectively, of a 
source of electricity. In consequence of the potential-difference thus 
produced between the two electrodes, the positive and n^ative ions 
move in opposite directions toward their respective electrodes, and 
an electric current is said to Sow throi^h the solution. In all cases 
the passage of the electric current is accompanied by a decomposition 
of the electrolyte, even though, in case of a very feeble current, it 
may not be evident. With hydrochloric acid, electrically neutral 
hydrogen and chlorine gases separate at the cathode and anode, 
respectively. An electric ourrent can also be produced in a solution 
l^ induction without the use of electrodes. In this case no transfor- 
mation from the ionic to the electrically neutral state takes place. 

When an electric tmirent is conducted through a solution, a certain 
number of positive ions pass through a cross section of the solution 
between the electrodes in one direction, and simultaneously a certain 
number of negative ions pass through it in the opposite direction. 
It was formerly believed that when the two ions possessed, the same 
T^eni^, the same number of positive and negative ions pass through 
a cross section in a given time. This belief owed its existence 
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ondoabtedly to the fact that the quantities of the oonstitnente of 
the electrolyte whioh separate at the two electrodes are equivalent 
to each other. It is now known, however, that seldom or never do 
eqwU namben of the two kinds of ions pass through a cross section 
of the solution in the same time. The phenomena of electrical oon- 
dnctlon and decomposition are not as closely related as was formerly 
believed. Their relation was discovered by Hittorf ' by a carefnl 
study of the changes in the concentration of an electrolyte which 
take place about the electrodes, during the passage of an electrio 
eorreut. 

It win now be explained how a knowledge of the relative numbers 

.^ of the two kinds of ions passing a cross section in a given time, or, 

what is the same thing, a knowledge of the relative velocities of 

migration of the two kinds of ions, can be obtained from a study of 

the concentration changes jnst mentioned. 

As already stated, whenever a current of electricity passes through 
a solution of an electrolyte, such as of hydroohloric acid, a move- 
ment of ions, and a decomposition at the electrodes, takes place. It 
follows also that, in a solution of snch an electrolyte, there are always 
! ■ the same number of negative and positive ions ; for if a negative ion 
separates on the positive electrode as an electrically neutral sub- 
stance without the sLmultaneoas separation of a positive ion at the 
negative electrode, tiie sedation afterwards contains more positive 
than negative ions and hence contains an excess of positive eleotrio- 
ity. This excess of positive electricity is large, since the electrical 
I charge upon an ion is very great. If still another negative ion is to 

I be separated alone at the electrode, a greater q^iantity of work would 

I be required than*before, because the positively charged solution 

I would now have a greater attraction for the negative ion and there- 

- tan vonld resist its separation more strongly than before. On the 
I other hand, the separation of a positive ion at the other electrode 

I ' would require very little work because of the repellent force of the 
I positive electricity of the solution. Since this electrostatic force, 

compared to the other forces involved, is very great, the decomposi- 
tion of tite electrolyte must take place in such a manner that the 
I positive and negative ions always leave the solution at such rates 

that the solution itself remains electrically neutraL 

I The necessity of the separation of equivalent qnantities ot the 

I two kinds of ions at the electrodes has now been demonstrated. It 

is known from electrical science that the current, or the quantity of 

) Pogg. Ann., SD, 9S, IDS, 106 (1&68 and 1860). A reprint al this work nuj 

' baionnd In OatwAld'a Klattiker d. exakt. Vto., Nos. 21 and 33. 



,^ A TEXT-BOOK OF ELECTBO-CHSHISTRT 

fllectriol^ paasmg thtoogh a croas sectdoii of the solution of the elea 
tioljte per unit of time, is the same at all points of the circuit It 
is evident also that the total qoantity of electricitj' in motion is 
«quai to the sum of the positive imd Degative electricities flowing in 
the circuit, but it does not follow that the ratio of the positive 
to the negative electricity must remain the same throughout the 
circuit Indeed, without contradicting the teachings of electrical 
science, it may even be assumed that in a given circuit the total 
quantity of electricity 1, is made up of ^ positive and ^ negative at 
one point, of ^ positive and { negative electricity at another, and so 
on. Since the motion of one kind of electricity in one direction pro- 
duces the same effects as the motion of the other kind in the oppo- 
site direction, it is justifiable to consider the total quantity of elec- 
tricity in morion as flowing in one direction, althongh, in reality, any 
portion of the total quantity may be flowing in one direction while 
the rest of it is flowing in the other. It is evident from these state- 
ments that there is no necessity for assuming equal velocities for 
the different ions. This would only be the case when there is a 
motion of equal quantiries of positive and negative electricities at 
the same rate in opposite directions. 

As a matter of fact, seldom or never, when an electric current is 
flowing through a solution of an electrolyte, do equivalent quantities 
of positive and negative ions pass through a cross section of the 
solution in a given time. This is due to the fact that the mobili* 
ties of the two kinds of ions are never the same. Thus the 
mobility of the chlorine ion ie far less than that of the hydrogen ion. 
Corresponding to this difference in mobility, when the two ions are 
subjected to the action of forces of the same magnitude, as is the 
case in the electrolysis of a solution of hydrochloric acid, the hydro- 
gen ion moves about five times as fast as the chlorine ion. It must, 
however, be remembered that the number of positive iona is always 
equal to the number of negative ions not only in the whole s(dation, 
but also, in general, in every part of the solution. 

It will be seen later ou that it is possible to correlate a lai^ num- 
ber of facts oonceming electrolysis by the assumption that the differ- 
ent ions migrate with different velocities. 

The motion or migration of the two kinds of ions may be made 
more comprehensible by a comparison with the movements of two 
columns of cavalrymen which are passing each other. Suppose one 
column proceeding at a walk, the other at a gallop, and imagine a 
ditch in the way which both columns are crossing at the same time. 
If the second column movra five times as rapidly as the first, Qtett 
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five boreemen of the former column cross the diteh in one direetioQ 
in a oertUB time, vhile one of .the latter column crosses it in the other 
in the same time. In all six iiorsemea pass the ditch. If each 
horseman carries 100 grams of powder, then, dnring this time, 600 
grams of powder is transported across the ditch, BOO grams, or f of 
it, in one direction and 100 grams, or ^ of it, in the other. In this 
illustration the two columns of caraltymeo represent the two kinds 
of partioles or ions, and the lOO'^raro portions of powder, the elec- 
trical charge which each particle or ion carries. The case may now 
be considered in which the cavalrymen and portions of powder are 
replaced by ions and electric charges. 

If a onrcent of electricity be passed through a solution of hy- 
drochloric acid between platinum electrodes, as already stated, the 
hydrt^n ions' migrate in one direction with fire times the velocity 
with which the chlorine ions migrate in the opposite direction. 
Hence when the quantity of eleotrioity 6 passes through the solution, 
the quantity 6, or | of it^ is carried by the hydrogen ions, and the 
quantity 1, or ^ of it, by the chlorine ions. [This will be more 
evident from a oonsidention of the following dii^rams, in which 






I 



the hydrogen ions are reprea^ited by the symbol +, and the chlo- 
rine ions by the symbol — , and the directions in which the ions 
move when an electric current is passing are indicated by arrows. 
In Figure 23 a line of twenty-one pairs of hydr<^n and chlorine 
icoiB are represented between the two electrodes, five of which are 
situated between the two porous diaphragms D and D, which are 
permeable to the ions and merely serve to prevent the stirring of 
the solution by convection currents. This represents the condition 
of the solution before an electric current has passed. If now a 
qnantity of electricity is parsed through the solution sufficient to 
separate at the two electrodes six ions of chlorine imd six of hy- 
dt(^n, and if the hydrogen ions more five times as fast as the 
chlorine ions, the condition of the solution at the end of the elec- 
trolysis is represented by Figure 24. 

Here it is seen that five hydrogen ions have passed from the anode 
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aectioQ into the middle section, and the same number from the 
middle section into the cathode section, and that in the same waj 
one chlorine itm has passed in the opposite diieodon from the 
cathode section and one has appeared in the anode section. Sinoe 
each ion carries the same quantity of electricity, it is evident that 
I of the total quantity is carried through the middle section by 
the hydrt^n ions, and ^ by the chlorine tons. The number of 
ions in the middle section has remained coustaot' and need not be 
further considered. From the anode section six chlorine ions 
(shown in the vertioal column) have given up their chaises to the 
anode and assumed the state of gaseous chlorine, while from the 
cathode section six hydrogen ions (vertical column) have similarly 
given up their chafes and assumed the state of gaseous hydn^^en. 
The particles of the inert gases are represented by dots on the elec- 
trode surface. The anode section has then received 1:^ migration to U 
one chlorine ion, and has lost l>j migration Jrom it five hydrogen ions 
and liy aeparotton at the anode six chlorine ions. The concentratioD 
in tiie anode section has then decreased from eight pairs of ions 
to three pairs. From a similar oonsideration it may be shown tiiat 
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the concentration in the cathode section has decreased &om eight 
pairs of ions to seven pairs. Therefore the loss in concentration in 
the anode section is to the loss in the cathode section as five is to 
one. But this is also the ratio of the velocity of the hydrogen to 
that of the chlorine ion. Hence the following relation exists be- 
tween the losses in concentration in the two sections and the corre- 
sponding velocities of the two ions : 

Loss in the anode section Velocity of the cation ~| 
Loss in the cathode section ™ Velocity of the anion' J 

Only at the surfaces where the current passes to or from the eleo- 
trode does the migration of a single kind of ion take place. At these 
surfaces the conduction of the current consists in the passage of a 
given quantity of negative electricity directly to the anode, while 
sLmaltaneaualy an equivalent quantity of positive electricity pnnnm 



THE MIGRATION OF IONS 



6T 



direetlT to the cathode. This explains the fact that the quantity of 
&e aub»t<meet wlach aepwate at the electrvdea, whiJe dependent 
igxm the quantity of dectrinty which passet, is independent of the 
vetocitg of migration of ike wms and aU other drcumKtaaoea, and 
explains also the fact that changes occur in the oonceDtration of the 
Bolations about the electrodea doling electrolysis. 

The mechanistv of electrolysis being thus illustrated, an actual 
problem will nofr be expluned. Consider the vessel shown in Fi^ 
me 26, which is divided into three equal parts by means of porone 



plates permeable to ions, to be filled with a solution oontdnii^ 30 
equivalents of hydrochloric acid. In each compartment of the ves- 
sel there are, then, 10 equivalents of the acid. If now 96,510 cod- 
lombs of electricity are passed through the solution, 1 equivalent 
of hydrogen will separate at the cathode, and 1 of chlorine at the 
anode. This quantity of these gases may be considered to be 
removed from the solution. Since the same quantity of electricity 
passes through every cross section of a circuit, 96,540 coulombs pass 
tbroo^ the cross sections of the solution, I and II. 

If it is assumed that both ions migrate with the same velocity, 
tiien -^ of an equivalent of hydrogen ions, carrying 48,270 coulombs, 
faasea bora the anode, through the middle, and to the cathode 
section, and simnltaneously ^ of aa equivaleat,of chlorine ions, also 
oarrying 48,270 coulombs, passes the section in the reverse order. 
The gain or loss in »oncentration in the three sections, due to the 
electrolysis, may now be found. The cathode section has lost 1 
egutvaleot of hydrogen ions by separation as a gas at the cathode, 
and ^ of an equivalent of chlorine ions by migration to the anode, 
and has gained \ of an equivalent of hydrogen ions by migration 
from the anode. It has therefore suffered a final loss of ^ an equiv^ 
alent of hydrodiloric acid, and therefore contains, after the eleo- 
tiolysiSf 9^ equivalents of the acid. Similarly it may be shown that 
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the conoentr&tioo of the solntion in the anode seotioti has decreued 
to 9\ eqniTalfliits. The middle section has not suffered a change in 
oonoentration, since equal quantities of the two ions have migrated 
to and from it. [The foUowing summary may serre to make the 
abore concentration changes mote comprehensible : — 

Original concentration in each section •= 10 eqniv. HGl, 
Qnantity of electricity passed = 96,540 ooolomba. 
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It follows, then, that when the velocity of migration of the two ions 
is the same, the solution in both the anode and the cathode section 
. will suffer the same change in concentration. 

The hydrogen ions, however, really migrate about five times as 
fast as the chlorine ions. The above consideration will now be 
altered as required for this case. Accordingly, 4 <3f oi> ^uiTalent 
of hydrogen passes from the anode, throi^h the middle, to 
the cathode section, carrying with it f of 96,540 coulombs of 
electricity, while ^ of an eqaivaleut passes through the sections 
in the opposite direction, carrying ^ of 96,640 coulombs. As be- 
fore, in total, 1 equivalent of ions passes through the middle 
section, carrying 96,540 coulombs of electricity. The concentration 
of the solution in this section remains constant, while that of 
the solution in the anode and cathode sections changes. The solu- 
tion in the cathode section has lost by separation at the cathode in 
gaseous state 1 equivalent of hydrogen ions, and by migration to 
the anode section, ^ of aa equivalent of chlorine ions, and has gained 
{ of an equivalent of hydrogen ions by migration from the anode 
section. Consequentiy the concentration in the cathode section has 
been decreased by ^ of an equivalent of hydrochloric acid, and is, 
therefore, after the electrolysis, equal to 9^ equivalents. The solu- 
tion in the anode section has lost, by separation at the.- anode, 1 
equivalent of chlorine ions, and by migration to the cathode section, 
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{ of an eqoi^ent of hydrogen ions, and has gained, by migration 
from the cathode, ^ of an equivalent of chlorine ions. It has then 
BofFered a loss of { of an equivalent both of hydix^en and of chlor- 
ine ions, and hence its concentration has fallen to 9^ equivaleDts of 
hydrochloric acid. 
[The for^:cang may be testated briefly as follows : — 
Original concentration in each section = 10 eqaivalents H' CI'. 
Concentration in middle section remains constant. 





i.... 


s.™. 


lUnopi Smtkh 




Sq. H- 


u.o- 


■q-a- 


Kq.or 


iMSbTBepftration 
O^brmjgiuion 


t 


1 


1 
1 


i 


Total Ion 


t 


t 


» 


i 



Una] oonoaotratlon H' CI' 



8J 



To Bommarize, after 96,540 coulombs of electricity hare passed 
through the solution, it is found that that part of it contained in 
the cathode section has suffered a change in concentration from 10 
to 9{ equivalents, or a loss of ^ of an equivalent of hydrochloric 
acid, and that part contained in the anode section a change from 
10 to 9^ equivalents, or a loss of { of an eqnivalent of hydrochloric 
acid. Here, as iras found in the diagrammatic illustration of the 
electrolysis of hydrochloric acid, the loss in the cathode section is to 
the loss in the anode section as l^e velocity of the anion is to the 
Telocity of the cation.] }n this case of hydrochloric acid this »tu> 
is 1 : 5. This may also be expressed as follows : — ■ 

Loaain the cathode section _ Velocity of anion (Cl') _l/f^ tto\\. 
Loss in the anode section Velocity of cation (H') 6 

It was in the manner just indicated that Hittorf was able to 
determine the relative velocities of migration of the different ions 
from the changes taking place in the concentration of the solution 
near the electrodes. His conclusions, although at first opposed, are 
now generally accepted. 

From a superficial consideration of the theory of the independent 
migrations of the ions, it aeems evident that if one ion migrates 
with a greater velocity than the other, an aocnmnlation of anions 



70 A TEXT-BOOK OP ELECTRO-CHEMISTET 

aiotmd ODS electrode and of catioiu around the other must reanlt 
during electrol^Bis. That this is not the case has, however, aJready 
been demonstrated. A further question which naturally presents 
itself is ; How can 1 equivalent of chlcffine separate at the anode, 
when only ^ of aa eqoivaleot is broi^ht into the anode section 
by migration? This is answered by assuming that there is always 
a large excess of ions in the immediate vioinity of the elec- 
trode, 80 that in any given time more iona may separate on the 
electrode than reach it by migration. This action is assisted by or^ 
dinary liquid diffusion. 

The ratio of the migraticoi veloeitiee of any two ions may be 
determined in a very simple manner by the method indicated in the 
above Ulnstrative problem. It is only necessary to divide the solu- 
tion of known concentration into three parts, as shown in Figure 26, 
and, after the passage of a known quantity of electricity through it, 
to determiiie the concentration changee which have taken place in 
each part. The concentration of the middle portion must remun 
constant. If this is not the case, it shows that the portions of so- 
lution about the electrodes have diffused into this seetion, thus 
destroying the value of the determination. Such a change in the 
oouceutration of the middle portion often takes place when the elec- 
trolysis is too long continued. 

In general, the quantity of the substance migrated or transferred, 
and not the quantities " lost " about the electrodes, is used in calcu- 
lations. If (me equivalent of the anion and one of the cation is 
separated at the electrodes, and if the fraction of an equivalent n, of 
the anion is transferred from the cathode to the anode section, then 
the fraction 1 — n, of the cation must hare migrated from the anode 
to the cathode section. These experimentally determinable qnanti- 
ties, n. and 1 — n. (or n,), are called the trannfereace nv/mben of the 
anion and cation, respectively, and their ratio is equal to the ratio of 
the velocities of miration of Uie ions. This is expressed by the 
equation 

«, _ Telocity of the anion (p,) _ Loss at the anode (L^ 
1 — n, Telocity of the cation (u,) Loss at the cathode {L,) 

"gtam. thia equation it follows that 

». - -2*-, and 1 - n. = — H£_. 

w„ + u, v,+ u, 

Thos it ia erident that n, and 1 — n, are equal to the ratios of the 
migration velocity of the anion and oation, respectively, to the snni 
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of the two miration velocities. Because of this rektifHi », is alea 
called the r^ative migration velotsity of the ftnion, and 1 — », that of 
the cation. 

Up to the present, only univalent ions hare been taken into 
oonaideration. However, the tranaference nuinbeTs of di- or polyva- 
lent iona may be determiaed ia an analt^ons manner. If ve oon- 
aider, for instasoe, a divalent ion irhich is associated with two 

.01' 
CI'' 
— "' .- represents the ratio of the migration velocity of both chlorine 

ions to that of the barium ion. 

Although the relative migrati<m velocities, and therefore also the 
ratio of the migration velocities, can thus be determined, the abstv 
lots value of each velooi^ c&nnot be found by this method. (See 
the chapter on the conductance of electrolytes.) 

For the sake of clearness it should be remarked at this point that, 
by the term mobility or migration vdodttf is meant the velocity with'\ 
which one equivalent of an ion moves when acted upon by a unit J 
force. Since, when acted upon by any other force, the velocity 
varieB with that force, the ratio of the velocities of the ions pro- 
daced by any ^ven force is equal to the ratio of the migration 
velocities. This subject will be further oonsidered in the section 
OD the absolute migration velocities of ions. 

In carrying out a determination of the relative migration velooi- 
tiee of the ions, naturally the quantity of the ions separated at Uta 
electrodes as electrically neutral substances must be taken into 
account. An example taken from HittorPs work will now be oon- 
■idered, in wder to show how the ealculatioa of results is most eas- 
ily made. 

A four per oent solution of silver nitrate was electiolyzed at 18.4* 
tot a considerable time, and the quantity of silver deposited and the 
obange in concentration about the cathode determined : — 
Qoantity of silver deposited and thus removed from 

the BolatioQ about the cathode . =0.3208 gtatn. 

Quantity of silver oontained in a volume F of the 

solution about the cathode before electrolysis = 1.47S1 gnuna. 
Quantity of silver contained in the same volume 

about the cathqde after electrolysis . . b 1.3060 grama. 
Loss of silver in the volume Vot the solution about 

the cathode '. = 0.1691 gram. 

If no silver had come into this portion irf the aolatioD about the 
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eat^todc 117 migration, its lou would bsve been 0.3208 of a ^nun of 
iQtct, the qTianti^ deposited cm the cathode, instead of 0.1691 of a 
gram, the valne found. Hence the qoantit; of Edlver which migrated 
to tlis cathode porti<m is given by the eqnatitxi, 

0.3208 - OA^l = 0.1517 gram. 

If as much aUvsr had migrated to the cathode r^ion aa had been 
removed from it by depoeiticm on the cathode, namely, 0.3208 of a 
gram, then since 

traiuf erenee number = q°a"tity of the ion migrated^ 
qnanti^ of the ion separated 



traasfei. nnmber NC^' = 1 — transfer, number Ag' ^ 0. 

This wonld show that, in this case, the NOj' ions did not share in 
the migration or in the conduction of the electric conent. In Hit- 
toif s experiment, then, 

O.lglT ^ 
"0.3208 
transference number NO/ =^1 — 0.473 = 0.627. 

As a check on the accuracy of the determination, the change in 
the concentration of the silver about the anode could be measured. 
It should be found that the solution about l^e anode has lost by 
migration the same quantity which that about the cathode has 
gained. In the above experiment, for example, it should be found 
that the loss in silver in the solution about the anode, due to migrar 
tion away tnm it, is equal to 0.1617 of a gram, which is identical 
with the gain in concentration about the cathode also due to migra- 
tion. 

If very exact results are desired, it is advisable to remove suffi- 
ciently large portions of anode and cathode solutions, analyse them, 
and from the results so obtained, to calculate the quantities of the 
ions which have been transferred. 

"When the anion can be more easily determined than the cation, 
its concentration changes may be measured at the anode, or the 
cathode, or at both the anode and the cathode, quite as well as the 
oonoentration change of the cation. This may be illustrated by 
the determination of the transference numben of cadmium and chlo- 
rine iona. In this case the anode consists of amalgamated eadminm, 
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which reacts with the chlotine liberftted at its mrface, fonning 
thereby cadinium chloride. Hence the quantity of chlorine sepa- 
rated may be obtained by determining the loss in weight of the 
anode daring electrolysis. The coacentration of the chlorine about 
the anode before and after the passage of the electri.o current ii 
determined, and the quantity of chlorine separated at the anode 
deducted from the latter vfdue. The difference obtained l^ sub- 
tracting from the original concentration the diSerenoe between the 
final concentration and the quantity of separated chlorine is the 
" loss " suffered by the anode portion. From the total quantity of 
chlorine separated and from the loss soflered by the anode portion, 
the quantity of chlorine which migrated is easily calculated, since it 
is equal to the quantity of chlorine separated diminished by the loss 
about the auode. 

There are a great many forms of appazatns which have been used 
for the measurement of transference nombers. In order to give an 
idea of the essential features of such 
an apparatus, that used by Kernst 
and Loeb' for the determination of 
the transference numbers of the sil- 
ver salts is here described. It is 
shown in Figure 26. In form it re- 
sembles a Oay-Lnssao burette. 

The two electrodes are of silver. 
When a current of electrici^ is 
paased through the solution, a quan- 
tity of silver deposits upon the cath- 
ode C, which is a measure of the 
quantity of electricity passed, and 
the same quantity of silver dissolves 
from the anode A. In order to avoid 
the disturbance caused by the falling 
of the silver from the cathode, the 
latter is placed in a side tube, of the 
same diameter as the main tube, be- 
ing introduced as shown in the ^uie. 
The cathode consists of a cylindrical fta- SB 

piece of silver foil attached to a 

silver wire. The anode A, consisting of a silver wire twisted into 

a spiral at its lower end and encased by ^ glass tube throughout its 

straight portion, is placed in the main tube as shown. The openings 

1 ZUehr. pht*. Ch«m., I, SM (1688). 
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at a and c toe closed by cork gtoppen throagh wliich amall pieoM 
of glass tabes are passed. The piece of tubing in a simply allowB 
the passage of the anode wire, while that in e has a piece of plati- 
nnm wire fused into its side, upon which the cathode hangs. BotJi 
tubes may then be cloeed by means of pieces of rubber tubing and 
pinchcocks. With this arrangement it is possible to remove por- 
tions of the solution from the apparatus, without disturbing the 
electrodes, by merely blowing at the tube which passes through g. 

In carrying out an experiment by means of this apparatus, the 
dectrodes together with the corks, without, however, the pieoe of 
rubber tubing, are weighed. When the apparatus is again assembled 
as shown in the figure, with the rubber tube at a clofled with pinch- 
cocks, and the end of the tube B placed in the solution to be iuvea- 
tigated, it is filled to a point above the level of the upper side of 
the side tube by sucking at the rubber tube at e. The' apparatus 
usually holds from forty to sixty cutdc centuneters. With the exit 
tube B closed with a rubber cap, the whole apparatus is placed in 
an upright position in a thermostat. After the solution in the 
apparatus has reached the temperature of the thermostat, the elec> 
trie onrrent is conducted through the solution. Immediately at the 
end of the electrolysis, the exit is opened and, by blowing at the 
tube c, the desired quantity of the solution about the anode (from 
i to d) is forced out through the tube B into a tared flask, weighed 
and analyzed. The quantity of solution remaining in the apparatus 
is found by weighing the apparatus and liquid tt^tber, and then 
subtracting from this weight the weight of the apparatus alone. If 
no oonsiderable mixing of the solution by diffusion or convection 
currents has occurred during the electrolysis, the portion of the 
solution about the anode which has undergone a change in concen- 
tration is mostly removed with the first few cubic centimeters. 
The remainder is thoronf^y washed out by the unchanged solution 
which follows it through the tube B. The following portion of solu- 
tion, from d to e, should then be unchanged in concentration, while 
the OGnoentratioD of the solution remaining in the apparatus is 
changed, since it is from the region about the cathode. A test of 
' the accuracy of the experiment is found in the unaltered condition 
oi the middle portion of the solution d e, and also in the fact that 
the solution about the cathode loses as much silver as that about 
the anode gains. 

In order to guard against a mixing of the solution, many investi- 
gators have used diaphragms. It is now known that, while porous 
poroelain membranes m^ be used without theceby inonzring error, 
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other membraiieB, such as aoimal membranea, infiuenoe the value ot 
the tranaference Dumber. In the case of the latter class, conoeutra- 
tioD changes take place directly at the two surfaces of the membrane, 
just as they would If, in place of the membrane or diaphr^m, a layer 
of a solvent, in which the transference numbers of the electrolyte 
are not the same as they are in the solution, is introduced into the 
circuit. 

At the beginning of his votk, Hlttorf questioned himself aa to 
the constancy of transference numbers, and further, if they are not 
constant, as to the circumstances upon which their variation depends. 
Upon further consideration, he recognized three influences which 
must be taken into account, namely, that of the current, that of the 
concentration of the solution, and that of the temperature. He 
found that the velocities of migration were independent of the 
current and therefore of the electrical force acting upon the ions, 
but dependent upon the concentration of the solution. 

As solutions of greater and greater dilutions were examined, he 
found that a point was Anally reached beyond wMch further dila- 
tions caused no appreciable change in the relative velocities ot 
migration. This behavior is easily explained. In the concentrated 
solutions there are a large number of undissociated molecules, which 
offer a resistance to the notion of the ions among them which 
depends upon the nature of the molecules and of the ions. As the 
dilution becomes greater, this influence gradually disappears, due to 
an increase in dissociation and to an increase in the distance between 
the molecules, and a consequent decrease in the resistance offered 
by them to the motion of the ions. This statement may be applied 
to mixtures of electrolytes. In this case also the transference num- 
bers of individual ions remain unchanged for moderate ooncentra- 

Very exact measurements of the inflnesce of concentration on 
tiie transference number have recently been carried out by A. A. 
Noyes,^ which show that for all the electrolytes investigated, namely, 

KCl HNO, K^O, 

WaCl AgNO, CuSO* 

HCl Ba(NO,), 

the tiansferenoe numbers remain constant within one per oent 
between the concentrations 0.02 and 0.1 normal. Deviations were 
only observed in the case of LiCl, GdS04, and the hal<%en salts of 
the divaloit metals. These deviations may, as will be made evident 
1 Teclutolon tfwrfa-Iy, IT, No. 4, Deoenber, UKM. 
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latei, be expltdned on the assumption of the tanoaiifm <Kt doaUe 
molecules. 

Hittorf did not discover waj effect produced by such moderate 
changes in temperature as were involved in his work. Beoently, 
however, Eohlrausoh* has found that in the case of electrolytes 
with monatomic univalent ions the trausferenoe numbers approach 
the value 0.50 with increasing temperature. It should be stated 
here that at the same time the diffieretux m mobiiit;/ of the two ions 
does not decrease, but actually increases. A numerical example 
will make tbeee statements clear. Consider that, at the tempera- 
ture X, the migration velocity of the positive ion is 100, and that of 
tiie negative ion is 60 ; while at a h^her temperature y the velocities 
have become 116 and 60 respectively. The transference number of 
tite positive ion has increased from 0.333 to 0.343. It is evident 
that the value 0.60 for the transference numbers of the two ions is 
being approached. At the same time, however, the difference btv- 
tween the single velocities, 

100 — 60 = 60, at the temperature x, 
and 116 — 60 = 66, at the temperature y, 

has increased with rising temperature. Such a simple relation 
between the temperature and the velocity of migration of the ions is 
not found in the case of other classes of electrolytes. 

The values of the transference numbers obtained with the solvent 
water do not apply to other solvents. For example, while potas- 
sium chloride, bromide, and iodide dissolved in water solution all 
give the value of the transference number n, = 0.51, when dissolved 
in phenol they all give the value of n, = 0.19. With this chan^ in 
the value of the transference numbers, there is a corresponding 
change in concentration at the boundary surface between the two 
solvents in which the same electrolyte is dissolved when an electric 
current passes.' 

Still another advance was made possible by HittorFs study of the 
concentration changes at the electrodes, namely, the discovery of 
the composition of the ions resulting from the dissociation of com- 
pounds. Silver cyanide, for example, dissolves in potassium cyanide, 

> BitKongBber. d. kOni^ Fr. Akademie d. Wise. PhjaU. Hatbero. KL, 98, 5TS 
(1802). 

* Nenut and memnfeld, Drud. Ann., B, eOO and 60B (1B02J. For tnnafer- 
enoe nomlwn Id mixed BolveDta aee Jonea and Baiaet, Chem. Centrbt., 1906, 1, 
ri. A DoUeotUm ol Mlwencw to the Utentnre Is given by Walden, Zttekr. 
F*yt. atem., 4S, lOS (IMS). 
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Jbrmlng a oompoimd which in the solid state hag the composition 
lepresented by the formnla AgCK - KC^. From this fact alone, 
howeTer, it is not possible to state what ions this compound forms 
upon dissociation in aqueous solufaon. Sow Hittorf passed an 
«lMtaric current through such a solution and found that silver was 
deposited upon the cathode. He determined further the concen- 
tiatiOD of potassinin and of silTec about the cathode before and after 
the electrolTsis, and found that, including the silver deposit, an in- 
crease in the potassium coaoentration above that of the silver had 
taken place, corresponding to the quantity of electricity passed 
through the solution. These results contradict the assumption that 
both tiie silver and potassium are present in scdution as positive 
ioDs. UitbHf interpreted the results in the following manner; 
The potassium forms positive ions, while the silver and the cyanide 
radical unite and form negatiTe ions. In solution, then, this salt 
would be represented by the formula E'Ag(CN),'. Leaving out of 
aooount the quantity of separated substance, the positive and nega- 
tive ions must always be present in equivalent amounts, which 
evidently requires that before the electrolysis has taken place the 
solntion contain equivalent quantities of potassium and silver. 
The potassium separated at the cathode immediately reacts with 
water, forming potassivun hydroxide, thus explaining the presence of 
an extra quanti^ of potassium about the oathode cortespfmding 
to the quantity of electricity passed through the solution. The 
separation of silver is then a secondary reaction, caused by the 
action of the separated potassium, and resulting in the appearance 
of a double quantity of CS' ions in the place of decomposed 
AgCCN).' ions. 

In a similar manher Hittorf investigated the otmstitution of other 
double salts in aqueous solution. He found that they dissociate as 
shown in the following table : — 

Snaoi. or Bouc Bai» Imh lit Aqnoui SdLomni 

NajPtCl. 2Na+PtCl," 

NaAuCl* Na+AuCV 

K^Fe(CN), 4 K' -I- F6(CN),"" 

K,Fe(CN), 3 K" -f Fe(CN);" 

It is even more simple to determine whether a given metal exists 
in t^e positive or in the negative ion by a study of the concentra- 
ti(Mi changes which take place abont the anode during electrolysis. 
Sinoe at this electrode no deposition of a metal takes place, then, if 
Hm ataoa is not decomposed at the electrode, the solution about it 
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will become more concODtrated in respect to this ion. If the metal 
in question is a part of the anion, the solution aboat the anode trill, 
evidently, become more concentrated in respect to it also. On the 
other hand, if it forms the cation, it will migrate away from the 
anode, thns decreasing its concentration in the solution about this 
electrode. Strictly speaking, when a metal does form a part of an 
anion, a certfun quantity of the metal, even though it be an ex- 
tremely small part, exists in solution in the form of cations. It 
can happen, moreover, that the concentration of the solution about 
the anode does not undergo a change in respect to the metal during 
electrolysis. This is the case when the change in concentration dne 
to the migration of some of the metal as a part of the anion is 
exactly compensated by the migration of the rest of it as the cation 
in the opposite direction. 

The constitution of salts which form more than two ions in 
aqueous solution may also be determined by means of transference 
numbers.' For example, bariam chloride may diasociate in two 
st^es according to the following equations : — 

BaCl,:^BaCl" + Cl'; 
BaCr:^Ba" + ei'. 

If it is assumed, accordingly, that, in moderately concentrated solu- 
tions, the intermediate complex ion BaCl' exists, which on further 
dilutioQ breaks down, then the transference numbers, which are ob- 
tained from a series of solutions of different concentrations, will differ 
considerably from one another. With increasing dilution, the value 
of the transference numbers should decrease, since then the quantity 
of chlorine carried along with the barium in the ion BaCl' to the 
cathode is decreased, and since this carrying along of chlorine tends 
to increase the transference number of the barium and to decrease 
that of the chlorine. As a matter of fact, however, it was found that 
the transference numbers varied in the opposite direction from that 
expected on the above assumption. Therefore it is concluded that in 
moderately concentrated solutions, one or more mols of undissociated 
BaCl, combine with CI', forming such complex ions as BaCl^' or 
BaC'lj", which on further dilution break down again. Whether or 
not the dissociation in eta^s also takes place is not known. 

It has been suggested by Nemst* that it would be possible to 
obtain light on the question of hydrated ions I7 meaiis of migra- 
tion experiments. For instance, if the positive ion migrates with a 

■ A. A. Noyee, ZUchr. phyx. Chem., W, 63 (IWl). 

*JakTb. d. XUktroeAemle, f, TO (1901J. 
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tain number of water molecules while the negative ion migrates 
with a differaa number, then during the electrolysis water is trans- 
ferred from one electrode to the other, causing a corresponding change 
in ctmoentratioii of an indifferent, non-conducting dissolved snb- 
stanee, the so-called indicator. Ae is evident, this method gives only 
the difference of the quantities of water carried hy the two iona. 
The preliminary lesalts obtained ihva far indicate that the anions of 
strong mineral acids are hydrated. 

Exact experiments with a solation of silver nitrate in aqueous 
methyl alcohol have recently been made by Lobry de Bmyn.' He 
was unable to detect a change in the concentration of the water or 
alcohol, and consequently was unable to show either the formation dt 
itw-hydratos or of ion-alcoholates. Morgan and Eanolt,* howeret, 
found that during the electrolysis of a solution of silrer nitrate in 
water and pyridiue a decrease in the concentration of the pyridine 
took place about the anode. From this it would be concluded that 
the pyridine combines with the silver ions. 

The interpretation of his results given by Hittorf when first 
published met with great opposition, but are now accepted as cor- 
iMt They are also now confirmed by the independent results ob> 
tained by determiuations of the freezing-point lowering of solutions. 

It is very interesting to note that there are substances, the so-called 
amphoteric eUctrolytes,* which may dissociate in different ways. 
Lead hydroxide, Pb(OH)„ for example, uiay dissociate as follows:— 

Pb(OH), = PbOH + OH '; 
Pb(OH), = Pb" -J- 2 OH'; 
Pb(OH). = H' + PbO(OH) '; 
or finally, Pb(OH), = 2 H" + PbO, . 

In pure water all of these ions exist together in greater or less 
quantities aoootding to the respective degrees of dissociation. If the 
first two modes of dissociation predominate, the solution reacts alhfr- 
line; if the latter two, it reacts acid. If a strong acid be added to 
the solution, nearly all of the OH ions combine with the H ions of the 
acid, forming undissociated water. Tbe refistablishment of the equi- 
librium then requires the further dissociation of the undissociated or 
solid hydroxide into Pb ' ' and 2 OH '. As before, the OH ions are 
removed by t^ie action of the added acid and the end ccmdition is 

1 Jahrb. d. Slektroekmte, 10, 260 (1904). 
■ Ztmhr. phft. Ohm., 4S, 885 (1904). 

• Bredlg, ZMeAr. ElOOroehem., 6, 33 (1699) ; Zfthif. anorf. Chem., U, 303 
(1908) ; WaUur, ZtttAr. phfi. CAen., 4B, SS (lOOi). 
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reached that in acid solution divalent lead iona are present almost 
exclnsively.' These iona may combine partially Kith the anions of 
the a«id to form an nndissociated salt, or they may form some such 
complex ions as exist in the case of barium chloride. 

If a atroi^ base be added to the solution, the OH ions remove the 
H ions which were present, and we see at once that in an alkaline 
solution of lead hydroxide the PbO| ions will predominate. 

The hydroxides of other metals dissociate similarly. Hydroxides 
of the alkalies dissociate exclusively into positiTe metal ions and 
OH ions. 

From what has been sud it is evident that the metal in solutions 
of such amphoteric electrolytes must migrate as cations to the cathode 
in acid solution and as anions to the anode in alkaline solution. 

Lead salts have been found to behave in this way. To be sore, Uie 
fact must also be taken into consideration that colloids may migrate 
with or i^nst the electric current (see chapter on electrical 
endosmose). Hence the presence of a metallic oxide as an anion in 
an alkaline solution is not conclusively shown by a migration experi- 
ment alone. 

From a theoretical standpoint all ions which are possible in a 
given solution must be present. However, only those whose exist«noe 
may be. detected will receive consideration here. It is objectionable 
to deal with ions which cannot be detected. 

There is a special class of amphoteric electrolytes which form 
ions which possess a double nature, being at the same time acid 
and basic GlycocoU furnishes an example of such an ion. It dis- 
sociates according to the equilibrium equation, 

HOHjtf CHjCOOH ^ H^NCHtCOO ' + ff + OH'. 

The ion underlined is charged both positively and negatively, and 
hence is electrically neutral, taking no part in migration and in the 
conduction of the electric current. 

Another experiment concerning the electrolysis of mixtures of 
electrolytes which was performed by Hittorf may well be men- 
tioned here. He found, in his study of solutions of potasBium chlo- 
ride and of potassium iodide, that the chlorine and iodine ions 
m^rate with very nearly the same velocity. With our present 
knowledge, it may be predicted with great certainty that during the 
electrolysis of a mixture of these salte, the ratio of the concentra- 
tions of the chlorine to that of the iodine will not change, sinoe the 
chlorine and iodine ions take part equally in the ctmdoctioD of th« 
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electric canent Such was wstnally found to be the ease. At that 
time, the fiiot that when such a solution of these two salts waa eleo- 
trolyzed iodine alone separates at the anode, caused much trouble, 
since the phenomenon of electrical conduction was not distinguished 
from that of electrolytic decomposition. It whs concluded that pos- 
sibly the iodine alone, belonging to a more easily decomposed com- 
pound, conducted the current The fact that iodine alone separates 
at the anode has nothing to do with the phenomenon of conduction. 
Id the chapter on polarization this subject will be again considered. 

Becently, the question as to whether the lines of current, or the 
ions migrating from one electrode to another, may be diverted from 
their paths by electro-magnetic action, has received attention,' nega- 
tive results being obtained. 

Up to the present but few transference experiments have been car- 
ried out with fused electrolytes.' 

It is natural that the important phenomenon of migration should 
play an important part in commercial processes. In the electrolysia 
of concentrated solutions of potassium chloride on a large scale in a 
vessel divided into two parts by means of a porous diaphragm, alkali 
is produced at the cathode and chlorine at the anode. The latter is 
evolved and collected, while the alkali accumulates in the cathode 
section. Consequently the alkali thus formed takes part in the con- 
duction, by the migration of hydrozyl with the chlorine ions to- 
ward the anode, thus decreasing the yield of alkali. This decrease 
becomes greater the greater its concentration in the cathode section. 
For this reason in the works the concentration of alkali is not 
allowed to exceed six or eight per cent. It should especially be 
remarked that, with an increase in temperature, not only is the con- 
ductivity of the solution increased, but also the yield in alkali is 
increased, since the transference numbers of electrolytes having 
univalent ions thereby approach the value 0.5. 

It seemed surprising, at first, that the alkali yield In the electroly- 
sis of a potassium chloride solution is about ten per cent higher 
than that in the electrolysis of a sodium chloride solution under the 
same conditions. A consideration of the transference numbers in 
the two cases, however, explains the phenomemm. The transfer^ 
ence number of OH' at 18° in 1 / 1 normal solution of potassium 
hydroxide is 0.74, while in a 1 /I normal solution of sodium hydros* 
ide it is 0.825. Thus, in the former solution fewer OH ions migrate 
toward the anode when a ^ven qnuitity of alkali is formed at Uia 
1 Hellbnm, Drvd. Ann., IS, 9B8 (1004). 
■ Loitttf aad Vtmii, Zlaehr. Slektrodtewt^ 10, «90 (IfiM). 
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cathode than in the latter solution, sitice the m^ratioc relocity of 
the potassium ion is greater than tiiat of the sodium ion. The 
yield may also be increased by condaoting a stream (^ carbon diox- 
ide through the allali at the cathode. The rapid ion OH' is 
thereby replaced by the slower ion COt". To be sure, it must in 
this case also be tect^nized that the product obtained, the carbou- 
at«, is of less value than the hydroxide. 

If a current of the solution is made to flow, with the Telocity with 
which the hydroxide ions migrate, from the anode to the cathode, 
the loss in alkali is decreased. In the production of alkali, it is only 
necessary to have a conveniently formed apparatus, without a dia- 
phragm, through which a salt solution may be allowed to flow from 
the anode to the cathode, in order to obtain a quantitative yield. 
Since, however, the migration velocity of the OH ions is considei^ 
able, it would be expected that only a dilute solution of alkali could 
be obtained when the electric current is well utilized. Nevertheless, 
it is possible to obtain a fifteen per cent solution of alkali with a 
ninety per cent utilization of the electric onrrent, in this way. The 
chief cause of this good yield must be sought in another direction. 
It is found in die stream of concentrated salt solution which is 
allowed to flow into the apparatus at the anode. The OH ions, 
migrating toward the anode, then pass from layers of solution which 
are dilute in respect to the CI ions to those which are concentrated, 
and, consequently, take part less and less in the conduction of the 
electric current. The piogteas of the OH ions toward the anode is, 
in this way, checked more and more as the anode is neared. The 
so-called bell process is based upon these principles.' 

A yield of alkali which is almost quantitative may also be ob- 
tained by the electrolysis of chloride solutions, using a mercury 
cathode. In this way the f(»mation of OH ions is prevented, sinoe 
under the influence of the electric current an alkali amalgam is 
formed. Care must, of course, be taken to constantly replace the 
amalgam with pure mercury. The former is transferred to a second 
vessel containing water, where it is decomposed, forming alkali and 
mercury. This so-called mercury process is carried out in various 
modified forms.* It possesses the advantage that by means of it 
Tery concentrated lye, which is free from salt and which can be used 
directly in t^ industries, is produced. The lye obtained by the 

iAdotib,ZtM*r.jei«tenHA«m., 7,661(1001); Btetner, ZtnAr. Sltktroettem., 
10, 317 (IBM). 

*F.GUMr,Z(«eAr.XI«imM]A«m., t, 623 (1903); Eettamb^-Carrler, 2tteAr. 
XUktrochem.. 10, 601 (10O8) ; Le BUno-Cantoni, Zuchr. BUktrochem^ 11. 00ft 
fl006). 
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bell or diaphragm processes must be concentrated by evaporation 
and purified by removing the salts before being used. 

In many cases it is possible to avoid the damping effects of mi- 
gration in a more rational manner. In the dye works, a solntion of 
chromic acid in sulfuric acid is generally used as an oxidizing 
agent. During the oxidation, the chromic acid is transformed into 
chromium sulfate. The chromic acid can then be r^enerated, 
electrolytically, by placing the chromium sulfate solntion in the 
anode section of an electrolytic cell, which is provided with a dia- 
phragm, and sulfuric acid in the cathode section, and passing an 
electric current through the cell. During the electrolysis, SO, ions 
migrate from the cathode section into the anode section, thereby 
enriching the sulfuric acid in the latter section at the expense of the 
acid in the cathode section. In such a process it is necessary to 
precipitate the excess of sulfuric acid in the chromic acid solution 
from time to time with lime, and to replace, with concentrated snl- 
fnric acid, the diluted and impure acid of the cathode section. This 
may, however, be avoided by first placing the chromic acid solution 
in the cathode section, in place of the pore sulfuric acid, and passing 
an electric current long enough to sufficiently oxidize the correspond- 
ing liquid in the anode section. Thia anode liquid is used directly 
in the works, whereby chromium oxide is again formed, and is then 
allowed to fiow iuto the cathode section, where it is again electro- 
lyzed. The solution used in the previous electrolysis in the cathode 
. section, is, this time, used iu the anode section. Before the second 
electrolysis, the cathode solution is richer in sulfuric acid than the 
anode solntion, but during it this excess migrates to the latter solu- 
tion. A cyclical process is thus carried out, In which the chromic 
acid solntion is alternately placed in the anode and cathode sections, 
thus preventing the accumulation of an excess of sulfuric acid in it, 
and making it possible to maintain the solution at a given concen- 
tration during its regeneration by electrolysis. By means of such a 
process, a solution of chromic acid in sulfuric acid may be used as an 
oxygen carrier as long as desired without loss of eitiier chromic or 
sulfuric acid.' 

A. table of the transference numbers of the ions of the most im- 
portant and best-investigated electrolytes is given on the next 
page. The 'Vues have been taken from Kohlrausoh and Holbom's 
"Das LeitvermojHD der Elektrolyte," and from the recent works of 
Noyea,* Jahn,* and fflower.* 

1 La Blanc, Zuehr. XU^aaxAent^ 7, * Zttehr. Fhvi. Chem., ST, «7S (1»1). 
S90(I«)0). V *J.Am.CheiH.8oe.,»B,VIS»il90*}. 

> ZuAr. Hit*. Om,, at, tS (IWl). 
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CHAPTER V 
I COXTDVCTAHCB OF BLBCTBOLTTBS 



Bpaeifle and EqiuTaleat Condnotaaos. — The conoeptioD of rasut* 
uice in the case of conductora of the first class has already been 
discussed. The resistance of such condootorB is dependent upon Uie 
nature of the mateiial c^ which they are formed, their form, and 
their temperature. If, for a cylinder one centimeter in length and 
one square centimeter in oioes seetion, of a certain substance, 

B, tiie lesistanoe = - , 

then for any cylindrical piece of the same subetanoe at the same 
temperature, 

'I 



■=.i/^ 



when I represents the length of the cylinder in centimeters and a 
its cross seetion in square centimeters. The factor — represents 

the tpeeifie remittance of the substance. It depends only on the 
temperature. 

The unit of resistance is the oAm, It is the resistance of a con- 
ductor in which a current of one ampere flows when a difference of 
potential of one volt exists between the ends of the conductor. X 
substance which in the form of a cylinder one centimeter in length 
and one square centimeter in cross section possesses a resistance of 

one ohm represents a unit of resistance. For it - = 1. In practioe, 
howerer, the unit of resistance is represented by the resistance of a 
column of mercnry, 106.3 centimeters in height and one square 
millimeter in cross section, at the temperature of melting ice. The 
mass of this column of mercury must be 14.4521 grams. 

Formerly, the unit of resistance was defined to be the rwistance 
of a column of mercuiy, one meter in length and one square milli- 
meter in cross section at 0° t. This unit is known as the Siemens or 
mercuiy unit. It is related to the new unit as 1 : 1.063, and there' 
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fore, in Older to calculate tlie resUtanoe in ohms from a reaistanoe 
ezpresBod in Siemens miits, or conversely, the following equation 
may be used: — 

Besistance in ohms = Besiataoce iA Siemens units + 1.063. 

In the following pf^s, the ohm is used as the unit of resistance. 

The greater the resistance, the less the conductance ; and, con- 
versely, the greater the conductance, the less the resistance. Henoe, 
the resistance a and the conductance x. are reciprocal quantities, or 



The -ward conductance is used mainly with reference to soIutioiiB, 
and in the following pages will be used only with such a reference. 
Just as in the case of conductors of the first class, the unit of 
specific conductance, which may be expressed in reciprocal ohms, 
could be represented by the conductance of a cylinder of a liquid, 
■ one centimeter in height and one square centimeter in cross section, 
which possesses a resistance of one ohm. For such a liquid k = 1. 
Furthermore, the same law which expresses the variation of the 
resistance of a conductor at constant temperature with a variation 
of its dimensions applies also to conductors of the second oIam. 
That is, 

B I 

where K is the conductance, k the specific conductance, or conduo- 
tivity, B the resistance, a the cross section, and I the lei^h of the 
liquid eonduotor. This method of expressing conductance has not, 
however, been found suitable for obtaining numerical relationships 
between solutions. Since electrcMshemistry deals chiefly with solu- 
tions, it has been found advisable to adopt a special method of 
expressii^ their conductances. In the case of solutions, the con- 
ductance depends almost entirely upon the solute, or the dissolved 
substance, and in comparing their conductances, it has been found 
advantageous to refer the conductances to a certain quantity of 
solute, namely, one equivalent we^ht, rather than to any particular 

/ volume of solution. The conductance of a solution containing one 
-J equivalent of the solute, when placed between parallel electrodes 
one centimeter apart, is called its equivalent condudcmce s. 
/ If C, represents the equivalent concentration of a solution, i.e. the 

'J concentration expressed in eguivalenta of the solute per cubic centi- 
meter of solaticoit then 
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where If, represeuts the equivalent dilation of the solation, or in 
other irorcU, the volume in cubic ceDtimetera vhioh contains viaa 
equivalent of tlie solute. Acoordingly, 



- C. 



= ilZ)', 



^/VA^»^^^ 



^^ 



The relation between the equivalent eonduetanoe £ and the spe- 
cifio conductance k is reached as follows : [Consider a vessel, such 
as is shown in Figure 27, constructed of two non-corrodible metallic 
plates A and C, serving as electrodes, which are held at a distsjioe 
of one centimeter from each other by the nonconducting material 
which fonns the ends and bottom of the vessel.] 

One cubic centimeter of a solution containing one equivalent of a 
solute is placed in this vessel, reaching to the level a. The cross 
section of the solution, perpendicular to the 
direction of the electric current between the 
two electrodes, is then one square centimeter. - 
The equivalent concentration of this solution 
ia unity, and hence its dilution is also unity. 
Since its volume is one cubic centimeter and 
it is placed between electrodes one centi- = 
meter apart, its conductance is directly the j 
specific conductance or conductivity, and 
since it contains one equivalent weight of 
dissolved substance placed between elec- 
trodes one centimeter apart, its conductance 
is also the equivalent conductance. These 
facts concerning this solution may also be 
expressed by the following equations : — 

C. = 1, D'. = 1, and K =K = 

If, however, the volume of the above solution be i] 
thousand cubic centimeters by the addition of water, thereby reach< 
ing the new level h, the cross section of this solution is one thou- 
sand times as great as that of the original soIuticMi, or one thousand 
square centimeters. But the conductance of a quantity of this solu- 
tion having a cross section of one square centimeter is the specific 
conductance, or the conductivity of the solution. Hence the actual 
conductance of this solution is one thousand times as great as the 
specific conductance, or conductivity. The solution still contains 
one equivalent of the dissolved substance between the electrode*, 
Mid tiierefore the aotual conductance is still identiakl. with the 



V 
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equivalent ooDdactacoe, this time at the dilution, 1000. It may 
be said, in general, that vheiieTer one equivalent of a aubstance ia 
aqneons solution, of any concentration or dUutioD, is plaoed in auch 
a vessel, its aotnal condoctanoe is equal to me equivalent coudnc- 
tance at tlie ooncantration in question. It fcdlows from what has 
been stated, that in the above case the equivalent oonductance of 
the solution is also one thousand times as great as its oondootivi^^ 
These relations are expressed by the following equations : — 



k=s=ioooe=d;k=^- 

"-^The speoific oonduotanoe, or oonduotivity, of a solution changes 
nearly in proportion to the concentration, while the equivalent con- 
ductance generally increases rapidly at first, then more slowly, and 
finally remains constant, with decreasing concentration. This will be 
evident from a study of the table of equivalent conductances of salts, 
adds, and bases in aqueous solution at different ooncentrations, 
given here. This table contains among other results the moet recent 
ones obtained by Kohlrausch. 
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fianenl BagnlarittM. — The firrt clear oouoeptioDa ooncemiiig the 
oonduotanoe of eleotrolytes resulted fi'om the epooh-making work of 
Kohliausch. The work of disooreiy iras then rapidly pushed for- 
ward by Axrhetiius, Ostwald, and others. It was found that^ with- 
out ezoeptlon, the equivalent oonduotanoe of different eleotroljtes 
increases with increasing dilution, reaching in many cases a maxi- 
mum value which does not change upon farther dilnti<Hi. The fol- 
lowing statement, called Kohlrausch's principle,' has been found to 
hold for solutiona which have been diluted until the mi^»iminn 
equivalent condoctance has been reached : — 

77^ eguivatetU conductance of a binary electrolyte is egutU to Gip mm 
of two values, ons of mhieh depends upon the cation, and the other upon 



This principle expresses the fact that the conductance of an elec- 
trolyte is equal to the sum of the condactances of its ions. Because 
of this fact the condnctance of an electrolyte is called an additive 
property. The principle is evident from a study of the following 
table,* in which the equivalent conductances, at great dilutitms of 
several series of salts, are given. For example, in the first horizontal 
row an given the values for EGl, NaCl, TlCl, and LiCl, and the 
differences between these values ; while in the first column are given 
the equivalent conductances of E.G1, KKO^, KF, luid KG,HtO(, luid also 
the differences between these values. The differences in each case 
are printed in small type. 
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If now the differences in the rows and in the columns be consid- 
ered, it is seen that they are nearly oonetant for any given row or 
column. Such a relation is possible only when the values of the con- 
ductances are made up of two independent constants. A great many 
other properties of dilute solutions of electrolytes are known which 
may similarly be considered as the average of the properties of the 

1 Wied. Ann., 6, 1 (1879), and M, 213 (1S86). 

* Temperaure = 18° ( ; cqaivalent dUatton =10* com. 
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ions constitating th« electrolyte. Sach properties axe called oddfifm 
jyropertiea. As farther examples of such properties of solatiraiB, 
may be mentioned the color luid the index of refraction. 

It will be seen that the diSBOciation theory offers a ready ezplanar 
tion for the above experimentally found rogularities. The conduc- 
tion of electricity through a solution consists in the motion of single 
ions. If, vhen a solution containing x ions is placed in an electric 
circuit, 100 ions pass through a cross section of the solution in a 
given time, then, if the number of ions be increased to 2z, other 
conditions remaining constant, 200 ions will pass through a cross 
section in the same time. In other words, when the number of ioiu 
in a given tolvtion ig doubled, the conductance of the solvtion is aiao 
doubled. 

As has already been indicated, the equivalent conductance of a 
binary electrolyte can be measured diroctly by placing a solution 
containing one equivalent of it in a vessel, such as is shown in 
Figure 27, two of whose walls (exactly one centimeter apart) serve 
as electrodes. Other dimensions of the vessel than the distance 
between the wall-electrodes need not be fixed. The actual conduc- 
tance measured is then the equivalent oonduetattce. As long as one 
equivalent of the electrolyte is in solution between the electrodes, 
this is always the case, whatever the volume of the solution may be. 
When the electrolyte is completely dissociated, its solation contains 
one equivalent of anions and one of cations. Its equivalent conduo- 
tance, then, remains constant, whatever the dilution, since the same 
number of ions is always present, and since it is by means of these 
ions alone that the conduction takes place. The conductance of the 
electrolyte is independent of the size of the electrodes, providing a 
change in size is not accompanied by either an increase or a decrease 
in the number of ions in the solution. Hence it is possible to 
extend the wall-electrodes to any desired size, without thereby affect- 
ing the conductance of a given solution placed between them, and 
thus to measuro the equivalent conductance directly at such great 
dilutions that its value finally remains practically constant. From 
what bas been said it is easy to understand why the equiv^ent con- 
ductance of a concentrated solution is less than that of a dilute 
solution. In the former case, since more molecules remain undissoci- 
ate than in the latter case, it follows that fewer ions per equivalent 
of electrolyte are present to conduct the electric current. Hence it 
may be stated — 

With increasing dUvtion the degree of dissociation, and consequendg, 
also the equiwilent conductance, of an electrolyte increases, until oomplett 
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4iuociation and the corretponding, or mozimum, v<Uu« of the tyeivtAe/A 
conductance i» retiched. 

The reqniremeDt of tlie diBaociation tlieor; that apon dilution the 
equivalent oonductauoe should increase, reaching a maximom con- 
stant value at great dilutions, ia in complete ^reement irith facts. 
According to the Clansins theorj^, however, the conductivity depends 
upon the frequency of the changes which take place between Uie 
positive and n^iative parte of the molecnlea. It is, therefore, a 
natural conclusion from this theory that the more concentrated the 
solution, the more often will these changes take place, and, conse- 
qnently, the greater will be the equivalent condactaooe. This, how- 
ever, is in direct contradiction to facts. The snperiorit? of the 
disaociation theory over the Glaasina theory is, in this case, at once 
evident. 

The c<Hidnotance of a solution depends not only upon the number 
of ions which exists between the two electrodes, but also uptm the 
sum of their velocitiea of migration. Since dilute equivalent solu- 
tions of neutral salts, stroi^ acids, and strong bases are practically 
completely dissociated, they contain the same number of ions, and 
consequently their equivalent conductances are to each other as the 
sums of the migration velocities of their respective ions. Since an 
ion is free to move independently of other ions present in the aolu- 
tioQ, it possesses an independent and constant velocity of migration. 
It follows then that the equivalent conductance may be expressed 
in temiB of the sum of the migration velocities of the ions involved 
and a eonstant which depends upon the units chosen, as follows : — 
5= ooostant X (u, + Ue), 

where v, and jj, represent the migration velocities of one eqniva- 
lent of positive and negative ions, respectively (see page 70). This 
ia an expression of the Law of KoMrauaok. 

The sum of the migration velocities may therefore be obtained 
from the maximum value of the equivalent conductance. The relar 
tion between the single migration velocities, or the relative migra- 
ticni velocity, is known ^om Hittotfs work. Therefore the single 
values may be calculated. 

£ =' const (d, + Vt) i 
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and (1 — »^a = ooii8txu« 



W u, 7 — • 

const. 

If the migration Tolocities are expressed in the Bame onits as tiie 
conductanoes, tJien the oonatant becomes unity. The abore equatime 
may be written as f oIIotb : — 

Ua = n^ and tj, => (1 — «■)£. 

When the value of the velooity of migration of a given ion is 
OQoe determined, that of the others may be calculated either from 
transference numbers or retative migration velocities, or from the 
maximum values of the equivalent conductanoes, whenever these 
are known. Kohlrausch has calculated and compared many of these 
migration velocities and found that the two methods of determina- 
tion give the same results. This agreement of results obtained 
from two sources is a strong confirmation of the oorrectness of 
the present conceptions of electrolysis. 

The following illustrative example will make the metiiod ct calcu- 
lation clearer. 

The maximum value of the equivalent conductance ^, or the 
value at infinite dilution, of potassium chloride was found by a 
method of extrapolation to be 129.9. The transference numbers in a 
very dilute solution of the salt were found to be — 

n, = 0.603 and l-n. = 0.497; 
but Ub = «■&., Uo = 1 — igS., 

or u. = 0.503 X 129.9, o, = 0.697 x 129.9 j 

u, = 66.3, v„ = 64.6. 

The oorresponding equivalent conductance of sodium chloride was 
found to be 108.9. The value of n„ or the migration velocity of 
chlorine, was found in the preceding paragraph to be 66.3. Henoe, 
since 

B" = 1. + D„ 

u, = 108.8 - 66.3 = 43.6 for sodium. 
v_.. 
The transferenoe numbers in a sodium chloride eolation were fbond 
tobe— 

«, = 0.604, l-», = 0.396: 



r, since ix.= «6.3, r. = ;^ - 6B.3 = 42.8 V "odiim. 
0.604 V 



\ 
\ 
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These two valaes for the migration Telocity of Bodiam agree satds- 
faotordy with each other. 

Tine foUowing values of the migration velocity, at infinite dilution, 
at .18° (, are taken from those collected by Kohlrauach : ■ — 



CATIOHB 


ANIONS 


a.™. 


r. 


<u«o„ 


". 


unc 


D« 


^»« 


^, 


H 


8)8. 


*Ba 


66.10 


OH 


174. 


CHO, 


46.7 


K 


04.87 


iSr 


6t,64 


W, 


48.64 


C,H,0, 


86.0 


Na 


48.66 


iCa 


61.48 


a 


86.44 


C,H,0, 


81.0 


LI 


88.44 


1Mb 


46.04 


Br 


67.88 


C*HtO, 


87.6 


Bb 


67.8 


IZn 


46.67 


I 


68.40 


C.H^ 


26.7 


Cb 


68.3 


JCd 


47.36 


8CK 


66.68 


C,HuO, 


34.8 


mu 


e4.4 


JCq 


47.18 


CIO, 


56.08 


1{C00), 


83.8 


Tl 


86.00 


JPb 


61.10 


BrO, 


48.a 


ISO* 




Ag 


U.03 






10, 


83.87 


JCrO, 


72.0 










NO, 


61,78 


J CO, 


80.0 










CIO* 


64.T 














10. 


47.7 














MnOt 


68.4 







Further values are given in the section on the migration veloci^ 
of individual ions (see page 116). The corresponding values for 
other temperatures may be calculated with the aid of the tempera- 
ture coefficient given later in this chapter. 

The conductance at great dUntion is expressed by the equation, 
5„ = u. + p,. 
In this case the dissociation is complete. If, on the other hand, at 
any other dilution D only a part of the moleonles is dissociated, then 
the conductance is less. For example, if at this dilution but one half 
of the total number of molecules are dissociated, the conductance is 
but one half its value at infinite dilution. This is expressed by the 
equation, 

s<. = 4Cs.) = l(n. + «^.). 

1 SHximgalier. d. E. Pr. Akad. d. Tn«. RiTsik. Hath. Kl., 674 and 66S (1002), 
andstaolnthairamlMrdatod JnlT28,1004. (Abatnotod In ZCtcAr. pAy*. Cheat., 
n, 744, 1S06>. 

The vahie lor H* bia bMo conflmud by the reoent work ol Goodwin and 
BMksn, Proc. Am. Acad, of Arte and Sd., Vol 40, Mo. 7 (September, 1904). 

The TKloe tor COi" has been taken bom the investigation of BOttger, ZUeKr. 
^». Chen., 46, 6M (190S). 

An ftttempt to explain the stiikiii^ great mobllftr of H* and OH' hae been 
given bf Danneet, ZtwAr. Sleklroehem., 11, S49 (1006). 
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In deriving this equation, it was tacitly asBumed that the elec- 
trolytic friction, or the friction offered by other dissolved particles or 
by the molecnles of the solvent itself, to the movement of die ions 
is, in dilute solutions, independent of the concentration. TLis 
aseumptioQ being home in mind, the equation may be generalized to 
apply to monovalent or polyvalent ions as f ollovs : — 

So = 3! (tr. + tfO-4 
Here Kd represents the equivalent conductance of the electrolyte, 
or the conductance when one equivalent of it is dissolved in D cubic 
centimeters of the solvent, and x the per cent of the equivalent 
which is dissociated into ions, i.e. the degree of dissociation. By 
oombining the equations — 

B. = o. + TJ, and ap-a" X (v, + u,), 

where ^ represents the maximum value of the equivalent condoo- 
tance or its value at infinite dilution, the value of x, or the degree of 
dissociation, can be calculated. 

"t 

Z%e degree of dissodaiion of a substance in tdtttion u equal to the 
ratio of its equivalent conductance in tJujt solution to its equivalent 
conductance in a solution of infinUe volume. 

As has already been seen (see p^e 58), Arrheniua had come to 
this conclusion and bad also found that the values of the degree of 
dissociation obtained from measurements of the freezing-point lower- 
ing of solutions agree satisfactorily wi& those calonlated from the 
electrical conductance. The extent of this ^reemmt is well shown 
in the carefidly prepared article of A. A. Noyes.' According to this 
article, the values obtained by the two methods do not differ by 
more than two or three per cent between the concentrations 0.005 
and 0.25 normal in the case of the salts, — NaOl, ECl, Ka,SOi, KSO„ 
and BaGlj. It shoold also be mentioned in this connection that the 
experimentally determined values of the electromotive force of con- 
centration cells (see the chapter on electromotive force) do not differ 
more than about one per cent from the values calculated with tJie aid 
of the dissociation valaes obtained from oonduotivity measurements. 

The determination of the degree of dissociation of different sub- 
stances has become a very important work. 

Ostwald found that the order in which acids accelerate or catalyze 
> TMkmloini tiuaturit, IT, No. 1, Deoembei, 19M. 
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the saponificatioii of methyl acetate, or invert oane sugar, is also the 
otder in which they compete for a base. The latter can be deter- 
mined by either thermochemical or Yolame-ohemical measurements, 
^nius a measure of the " strength " or " affinity " of an aoid (or base) 
was obtained. 

ArrheniuB sought to discover the ezisteuce of a relation between 
electrical conductance and chemical activity, and found that, in 
reality, the two properties are. closely related. As in the case of the 
equivalent conductance, the chemical activity or strength of an acid 
increases with the dilution and finally reaches a limiting value. 
Consider, for instance, two equivalent solutions of different acids. 
If the degree of dissociation is different in the two cases, then tiie 
chemical activities or strengths of the two acids will also be different. 
On diluting the two solutions the dissociation of each acid increases 
with a ratio of its own until, at' great dilutions, it is complete. At 
Bach dilutions the two acids possess equal chemical activities or 
strengths. The relottve strengths of acids and bases change, there- 
fore, with the concentration. This was shown by Ostwald before the 
rue of the theory of electrolytic dissociation. 

Application of the ][a8»4«ti<m Lsir to Oaseoni and to Bleetndytte 
DisHMiation. — Accepting the dissociation theory, and the applica- 
bility of the gas laws to dissolved substances, as established by van't 
Hoff, a dxMOciation or affinity conriant, which is independent of the 
dilution, may be calculated. This was first shown by Ostwald.' 

According to the law of mass action, at constant temperature the 
following principle holds for a gas which dissociates into two 
components : — 

Ihe product of the active masses of the two components, divided by 
the active mass of the undiaaociated part, is a constant. 

By the active mass of a substance is meant the number of mols 
of it which are contained in the unit volume. It is, therefore, iden- 
tical with the molar concentration. In the case of gases, partial 
pressures, which are proportional to the active masses, may be sub- 
stituted for the active mass in the above statement Consider, for 
example, the dissociation of ammonium chloride, at a high and 
oonstant temperature, into hydrochloric acid and ammonia aooordii^ 
to the equation : — 

NH.C1 ^ NH, -f. HCL 

Tbea aooordii^; to Qi» law of mass action, 

PhHjOi Pnutn 

^Ztseltr.^V- Chem.,».210 £1888). 
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There p'ua^ P'bco ^^^ Psa^a represent the partial pressores of a 
nia, hydrochloric acid, and undisBociated ammoniuia chloride, reapeo- 
tively, and K^ a constant characteristic of the equilibrium existing 
between these substances at the temperature in question but inde- 
pendent of the values of the single partial pressures. Thus, at the 
ocmstant temperature, the gaseous mixture may be compressed or 
expanded, or an excess of any one of the constituents may be added, 
without changing the value of the constant or the form of the above 
equation. It is therefore evident that, whenever these three gases 
are brought together in whatever proportions at this constant tem- 
perature, euch a rearrangement takes place in their individual con* 
centrations, or partial pressures, that the above equation is still 
satisfied with the same value of the constant Thus if ammonia gaa 
be added to a given volume of the dissociated ammonium chloride, the 
partial pressure of the ammonia in the mixture is thereby increased. 
In this case, if the partial pressures of the hydrochloric acid and of 
the undissociated ammonium chloride did not undergo a change, the 
constant K< would necessarily increase. Since, however, the con- 
stant Kj does not increase) either the numerator of the tfractd(n 



J'lrBiCi 
must decrease in value, the denominator increase, or both cdianges 
must take place simultaneously. The latter happens. A part of 
the ammonia combines with an equivalent quantity of hydrochloric 
acid to form undissociated ammonium chloride. This reaction pro- 
gresses until again the mass action equation is satisfied. In this 
case, when equilibrium is again established, the values of p'am b°<^ 
P'hci ue, of course, no longer equal. 

Since, according to the theory established by van't Hoff, tiie 
behavior of solutes in dilute solutions is analogous to that of gases 
under small pressuree, it may naturally be assumed that relations 
entirely similar to those applying in the case of the dissociation of 
ammonium chloride also hold for electrolytes which dissociate into 
two ions. For example, acetic acid in dilute aqueous solutions dia- 
sooiates aocoiding to the equation, 

CH^OOH ^ CH,COO' + W 

Henoe, according to the mass-action law, it would be expected tiiat, 
at constant temperature, the following equation would bold : — 
C, X C^ ^ g ^ ^ 



CONDUCTANCE OF £LECTBOLTT£S 97 

In this eqoatioa Gb, G^, and Chi, lepreBent the aotlTe m 
ntolaT maases of hydrogen icme, acetate ions, and nndieeociated 
acetie acid, respectively, and Kt a constant, called the dimtaatitm 
eotutatU, which is du^acterietic of the eqailibrinm between these 
three substances and independent of the individual conoentiation of 
each substance and of other snbetances which may also be present 
in the solution. The dissociation constant is characteristic of the 
compound and its determination is therefore of great importance. 

In order to show the existence of this relation between the disso- 
ciated and undiSBOciated parts of an electrol3rte in dilute solution, it 
is, of ooorse, necessary to have a method of finding, accurately, the 
eoncentr&tions of the ions and of the undissociated molecnlea. For 
this purpose the determination of the electrical condnctaace is most 
satisfactory, and it is in oonsequence of this fact that condacdvi^ 
measurements are of such great value. 

This method of testing the applicability of the law of mass aotioD 
to electrolytes in dilute aqueous solution will now be considered. 
A mol of a Unary electrolyte is dissolved in D cubic oentuneteta of 
water, in which it dissociates according to the eqnatko, 
A 5tA+B', 

The mB8»«cti(m equation for this ease is, tiifln,— 

If «s the d^ree of dissociation of the electrolyte or that fmv 

tion of the mol which is Ivoken np into the imia A' 
andB', 

audi— atathe fraction of the mol remuning in the imdlssoeiated 
state AB, 

then ■= Bictmcentration, or active mass, of each of the ions A' 

and B*, 
and-^-^=:oonoentrati(Ri, oi active mass, o£ the nndiaaoeiated part, 

AB. 
By BubatitQtion of these values in the tbove m a awt et ion eqnatitm, 
the fcdlowing is obtained: — 



D 



-«K^ 
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It is evident that, in otdet to deteimioe tlie dissociation oonstao^ 
it is onij neMSsaiy to know the dilation D and tba degree of disso- 
ciation X of the solnte. The fonner being already known, the latter 
is determined from measnrementa of the eqnivaleDt conductance of 
the solution at the two dilntioBS, D and infinity. As has already 
been stated, the dissociation is equal to the ratio of the former to the 
latter oondnotanoe, or, otherwise expressed, 



This Talne of a> may be substituted in the equation^ 



(1-x) D 
with the following lesults : — 



-x^ 



l^=«i. 



Before prooeeding further to the proof of this formula, it is advis- 
able to become acquainted with the methods used for the determina- 
tion of the conductance of solutions. 

Determination of the Bleotrioal Condnotanoe of Eteotroljtei. The 
Xethod of KoUxanseh. — By an application of Ohm's law, 



the tMiBtMioe of metallic eoodactors, or condnctors of the first olass, 
may be measured in a very simple manner j but this is not the oase 
with solutions of electrolytes, or conductors of the second class. The 
gradual fall of potential r which exists in that portion of the circuit 
occupied by a solution is, in most cases, scarcely to be detwmined 
accurately, because potential-differences which exist at the electrodes 
and the solution are made variable by the nature of the chemical 
decomposition or " polarization " taking place there. Many methods, 
of more or less valne, have been devised for overctuning this diffi- 
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enlty.* Of these methods only that one will be described in detail 
-which ia used almoBt exolnsiTely at the present time for the deter- 
mination of the electrical condoctanoe of elecstrolytes, namely, th« 
Kohliausoh method. 

This method depends npon the use of an alternating current of 
liigh freqaencsy, and of non-ooirodible electrodes, which are platin- 
ized in order to increase their surfaces. By this method the dis- 
turbing influence of the chemical changes at the electrodes, or the 
" polarization," is practically removed j for the polarization effect 
produced by the current when flowing in one direction for a Teiy 
small fraction of a second is practically neutralized by the effect 
prodaced when the current is reversed for the same small interval of 
idme. The distarbing influence being thus removed, the resistance 
of the solution may be determined exactly as in the case of the 
conductors of the first class. 

[The ^paratus employed is essentially a Wheatstooe bridge. 
Therefore, the principle of a Wbeatstone bri^ will be discussed 
before considering the form actually used in the determination of the 
eonduotance of solutions. A simple form of such a bridge is shown 
in Figure 28, in which the different parts are named. The direct 




enrrent from the galvanic cell actuates the induction coil, thus 
oansing an alternating enrrent of high frequency ^iflow through the 
divided circuit conaisting of the two branches AC_ and ^ respec- 
tively, which are uniform wires of different resiatancee extending 
between the metal bars Aa and Cc. 

Let OB now consider the relation between the fall in potential, 
the resistance, and the flow of the electric current in the different 
parts of the circuit during the momentary passage of electricity 
from Ja to Gc, assuming the potential at .^ to be ten units and at 
Ck zero. Then along each of the two wires AC and oc there is a 
1 OttwaM, Lehrbuek ier Attg. Chemie, ToL U, I, Q3S. 
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A TE*r- 

tontial alb 



fall of potential oi ten units. This would also be true of any other 
wire, whatever its resistance, extending b&tweeo the bars Aa and 
Cc Since the two wires, although of widely difFerent reaiatances, 
are each of uniform cross section, the fall of potential along them 
will be nniform. Thua along each tenth part of the distance 
between Aa and Cc on each wire there will be a fall in potential trf 
one unit, as shown by the numerical values in the figure. These 
values, then, represent the potentials of the different points along 
the wires. 

If DOW the point B, on the wire AO, at which the potential is 
seven units, be connected with the point b, on the wire ac, at which 
the potential is also seven units, it is clear that no electric current 
will flow through the connecting wire .66, since there is no potential- 
difEerence between the ends of the wire. If, however, the point B 
is connected with the point b', at which the potential is nine units, 
instead of with b, a current will flow through the wire from b> to 
B, since a potential-difference exists between the ends of the wire. 
Finally, if the point B is connected with the point 6", at which the 
potential is five unite, instead of with &', there will ^ain be a 
difference of potential of two unite between the ends of the connect- 
ing wire, and, therefore, an electric current will flow through it In 
this case the direction of the current is the reverse of that in the 
previous case. It may then be stated that whenever a oonneoting 
wire extends between equipotential pointe of the branches of a 
divided circuit no current flows through it. In all other oases 
a current does flow throt^;h the wire. As a means of detecting 
whether or not an alternating current is flowing in the connecting 
wire a telephone receiver is introduced into its circuit as shown in 
the figure. When a current flows (as for instance when B and V 
aie connected) a hamming sound is heard in the telephone. If now 
the end of the wire at b' is moved along the wire to b and then to 
b", the humming sound diminishes, going through a sharp mimmnm 
when the point b is reached, and rising again as the point 6" is 
approached. By listening at the telephone it is then possible to 
toU when the wire ootmecte equipotential points. 

It is at once evident from the figure that when the wire oonnectB 
equipotential points, as, for example, B and b, the following relati<x> 
existe between the fall in potential in the different parte of the two 
branches of the divided cinsoit, otherwise known as the arms of tha 
Wheatstone bridge : — 

Fall in AS : Fall mBC = Fall in oA : Fall in ta. 
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Sscallins to mind t^** f&ot titsA t^* fnlla in potsnti&l in Que differ- 
ent parts of a cirooit toe directly {iroportional to the respective 
z«siBtanoes of the parts, in this case it follows that 

Besistance AB : Kesistanoe BC = Besistance ab : Besistanoe be 

If now the ratio of amy two of these resistances, snch as, for 
example, the ratio of the resistance of oi to that of be, and the 
actual value of either of the two resistances, AB or BC, are known, 
then the fourth, or the unknown resistance, may be oalcnlated from 
the above proportion. 

In this manner unknown resistances may be determined by meana 
of the Wheatetone bridge. 

When the resistance of an electrolyte is to be determined. 
the Wheatstone bridge is arranged as shown in Figaro 29.* Tha 




similarity between this figure and the one directly preceding it is 
at once evident. In this figure the two branches of the divided 
fnrcalt are abc and oABc, respectively. The former branch includes a 
resistance box, by meana of which various known resistances can' be 
introduced into the circuit, and the conductivity cell containing the 
eolation to be investigated. The resistances in the resistance box 
and in the conductivity cell are so great that those of the connecting 
wires in this branch may be neglected. The branch aA<; consists of a 
platinum wire of uniform resistance, which is either stretched over a 
meter scale or wound on a dmm, which is marked off in millimeter 
lengths. One end of the connecting wire Cb is made faat at any 
pcnnt C between the resistance box and the conductivity cell, while 
the other end b is connected with the platinum wire by means of a 
fllidiag contact The position of this sliding contaot may be read 
att OD the meter or drum scale to tenths of a millimeter. In aeriM 
> (Mmld, Z(««Ar. jij^*. CheM^ S, 661 (1888). 
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with the conneoting wire is a telephoae receiver (naturallf a gaiy«- 
nometer eannot be used), irliich serres to determiDe Then the 
sliding ooDtact is in snch a position that no current flows throngh 
the win, i.e. when the wire connects eqnipotential points. The 
four arms of the Wheatstone brii^ are then ab, be, oAC, and OBc 
Hence when the sliding contact is in the position giving a Tninimant 
bne in the telephone receiver, the following relations obtain: -^ 
Resistance of aft _ ResLatance in box 
Resistance of be Resistance in cell 
If tite platinnni wire is of nnifomi resistance, we have^ 



Resistance of aft _ Distance ab 
Resistance of be Distance 6c 



^Rierefore, 



■• = ■■>' rs- 

The absdnte valoe of the resistance of the platinnm wire evidently 
does not come into consideration, since only^ 
the ratio of the resistances of the two parts 
of it is required.] 

A vessel, such as is shown in Figure 30,' 
can in most cases be nsed for the determini^ 
tioD of the conductance of an electrolyte^ 

The area of the electrodes and Uie distaBca 
between them can be varied as desired. In 
general, it is advantageous to platinize them» 
using a solution containing about three per 
cent of commercial platinic chloride and 
about 0.025 per cent of lead acetate. 

If the distance in centimeters between th« 

two electrodes is represented by I, and their 

Fia.30 firea in square centimeters by a, then the 

valne of the specific condactance jk ^ given by the following 

equations: ^ ^ ' 

1 ab t 

B. B, X DO I 

Henoe K = — 

1 For other tonM of oondootiTitj oelU, mo Oatmld-Latliar's n^/atk-dum^ 
MttMjtgeiC, page 401. 
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^rom the speoifio oononctanoe k, and the equivalent dilation of 
the eolntion D in onbio centimeters, the ralue of the equiralent 
oondnctance oan be calculated in the manner dewiibed on page 8^ 
-with the aid of the equation, 

S B K X A 

providing the oroes eeetdon of the Teasel and tlie areas of the eleo- 
trodes are practically the same. In order to avoid this proviso and 
to obviate the necessity of measuring the space between the eleo- 
trodes, it is usual to determine the so^salled " oeS amttaiU " of the 
conductance cell. The cell constant is equal to the resistance found 
in the cell vhen it contains between the electrodes a solution of a 
specific conductance, or conductivity, of unity. In this cell, sinoe 
the conductivity of the solution is unity, 

-where b, is the measured resistance, k a constant dependii^ upon 
the form of the cell and the position of the electrodes in referenoe 
to the cell walls, and K, the cell constant. When the sorfaoes of 
the electrodes are equal to the croes section of the cell, the value of k 
becomes unity. 

It is not at all necessaty, however, to have a solution whoee 
apeoifio condootance is unity in order to obtain the value of the cell 
constant. It can be obtained with the aid of any liquid of known 
oondnctance. Thus, if the specific conductance of the liquid is s, 
■ad its resistance when in the cell whose constant is to be deter- 
mined is B, then the valae of the cell constant S, is pven by the 
eqoation. 

When the cell constant is known, the specifio and equivalent oon- 
doctances <d any liquid may be obtained with the use of the 
equations, 

K„:^ors = i):5. 

where b, is the resistance of the liquid as measured directly on the 
Wheatstone bridge. If the conductance of the liquid used to 
obtain the cell constant is expressed in ohms, then the specific or 
the equivalent condnotanoe, calculated according to the above equa- 
tions, is also expressed in ohms, even though the resistance in tiw 
resistance box used both to obtain the cell constant and to obtain the 
unknown conductance is expressed in other units. 
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In determimng the cell coDfltant, a 0.02 normal solution of potao- 
main chloride is often used as the liqnid of known condnctauoe. 
According to the most lecent measurements, its specific ocmduobuto^ 
or ocmdpotiTity, at 18* and at 26° ia 

• .' Kw = 0.002399, and Sw = 0.002773, 

irtiil^ Its oonsBponding equiTalent conductance is 

. , ,« Kv = 119-96, and s^ =z 138.67. 

"*43te ralne of the equivalent oonductance is a la^e one. The r»- 
sistanoe of one equivalent of potassium chloride in this solution, 
when placed between electrodes one ceutimetei apart^ ia acooidinglj 



: and 



- ohms, respectively. 



U9.9 138.7 

The equivalent conduotancee of all binary electrolytes, at infinite 
dilution, are of the same oidet of magnitude, varying between dO 
and 500, as may be seen from the table on page 93. On the other 
hand, the value of the equivalent condactance, at other diluticais> 
may be exceedingly small for some electrolytes. This will be evi- 
dent from a glance at the table on page 88. 

Kathod of Hemst and Haogn.' — TUs method of determlniDg oaa- 
ductance permits an easy measurement of the internal resistance of 
a cell even while a current is passing through it It is characterized 
fay the use of two condensers, in place of two of the resistances 
emplc^ed in the Wheatstone bridge. The anai^ment of the 
i^paratns is shown in Figure 31. 




The oondensei Ct is used to prerent closing the cinmit of the cell 

0^ the internal reeistaooe of which Is to be measured. Under these 

lStaeknA«bn>oh«M.,a, 498 (1880); 2UeAr.>lyi.<»Mk,n, «T(109T). 
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annmBtanoefl the cell pTOdooes no ootient Aftet the kooni n- 
Bistanoe k has been varied until a roinimnm tone ia heard in the 
telephone receirer, the value of the unknovn lesistanoe B. of the oell 
C may be ealoalated tn>m the equation, 

b,:b = C,:Cu 
where C| and C^ represent the lespectiTe capacitiee of the tiro lower 
oondeDsers. The ratio CjiGi must be determined independently. 
This can be done by means of an ordinary Wheatstone bridge. ' ' 

In order to obtain the internal resistanoe of a cell vhile prodircii^; 
an electric current, the cell is shcurt-oirouited through a known re- 
ststanoe aa indicated in the figure by the dotted line. It most be 
clearly understood that the real internal reeistance B, of the cell is 
not obtained by direct measurement, but is obtained from the meas- 
ured resiBtance b,' and from the resistance of the dotted shunt dx- 
ouit, according to the equation : — 

-ly-i + A- 

K.I B. B." 

The value of b," may be obtained with sufficient ezaetnesB bom tibe 
equation, 

(1 + ^ 



^ = R,'(l 



Oalenlattoi of tke Dissooiatios Constant from Eleotrioal Gonchw- 
tamw. — It has already been shown that the dissociation constant 
may be calculated by ttie aid of the eqaatiou, 

K, = ^ . 

In order to obtain the value of the constant, it is therefore neoes- 
sary to know both the value of the equivalent conductance at dilu- 
tion D, or £j„ and that at dilution infinity, or £.. The method of 
obtaining the value of jf^ has already been considered. In some 
cases the value of s_ may be obtuned by the same method, it being 
placed equal to the maximum value of the equivalent conductance 
found upon dilating the solution. This method is applicable (mly 
to electrolytes which dissociate to a large degree in solutions of 
ordinary dilations. It is not applicable to other electrolytes, be- 
cause, at the extreme dilutions at which the value of ^ could be (xa^ 
sidered equal to £., it is impossible to determine the conductance <A 
the solution. This is the case with practically all organic acids and 
bases, where a knowledge of the value of the dissociation o 
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of apeeial importance. Fortanately, hoTerw, the alkali salts ot all 
acids and thehalt^n salts of practically all basea are largely dissoci- 
ated in moderately dilute solationa, and nearly oompletely dissociated 
in solutions the conductance of which can still be determined. Thus 
the value of ^ for these salt solutions may be determined by direct 
experiment. But this value has been shown to be equal to the som 
of the migration velocities of anion and cation: — 
S, = Ce + n, 

[la the ease of the alkali salt of a slightly dissociated acid HA, g. 
may be determined directly, and c, is a knotm value. The value of 
Ua for the anion A' is thereby determined. But the valne of u, for 
the cation H', is a known value. Hence the value of £_ for the acid 
HA may at once be obtained by adding together the known migr^ 
tdon velocities of its ions. Thus 

^ (for HA) = n, (for H*) + o, (for A'). 

In a similar manner the equivalent conductanoe at infinite dilation 
for a slightly dissociated base, BOH, may be obtained. For its 
halogen salt, ^ can be determined directly, and u, for the hal<^;en 
ion is known. Hence the value of v, for the cation B' is known. 
From this value uid the known value of d, for the anion OH' the 
equivalent conductance of the base BOH at infinite dilation may 
be obtained by the aid of the equation, 

K^ (for BOH) = V, (for B) + u, (for OH'). 

Iq the above explanation of the indirect method ot determining 
the valne of the equivalent conductance of a slightly dissociated acid 
or base at infinite dilation, the individual migration vdocities of the 
ions were involved. This ia not at all necessary in making actual 
ctdculations, as will be made evident from a reconsideration of th« 
above acid HA. The value of &., for example, of hydrochloric acid* 
of sodium chloride, and of the sodium salt of the acid HA may be 
obtained from direct meaaurements on very dilute solutions. Heooe 
the three equations, 

lS.(forHCI) =n,(fotH") 4-o, (for CQ'); 

a. (for NaCl) = u, (for Na) + u. (for CI'); 

B, (for NaA) = u, (for Na") + u. (for A'). 

Ctnnbining these equations, 

ft, (HCl)-ft. (NaCl)-!-!, (NaA) = CT, (H^ + tT.(A'); 
ft, (HCl)-ft, (NaCl) + s. (NaA) = fi, (HA). 
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The latter eqnatioii, in which migration velocitiea do not appear, may 
be used foi the oalcnlation of the value of g_ for the add in ques- 
ticm.] Aa is evident, it is only necessary to add to the difEerenoe of 
the values of s^ for hydrochloric acid and sodium chloride, the valae 
o^ Kb ^o' the sodium Balta of any slightly dissociated acid, to obtain 
the equivalent conductance of the latter acid at infinite dilution. 
The values of ^ for hydrochloric acid and sodium chloride accord- 
ing to most recent measurements, and their differences, are giveu in 
the following table : — 



TU.,.ATC» 


B-™hci 


t.»o.Mrtl 




18 = 

26° 


883.4 
427.1 


108.9 
120.6 


274.6 
S00.6 



From the values of the equivalent conductance at the dilution D 
and at the dilution infinity, obtained as above described, the dissoci- 
ation constants have been calculated for a large number of slightly 
dissociated acids and bases at different dilutions. It was found that 
the constants are independent of the concentration. The results 
obtained for acetic acid are given in the following table: — 



Iflnrr 


^nTOoocn-T 


UT.O. 


Diua 


«,XT»,. CON^AXT 


X 10«. 




i 






0.00180 






A 






o.oon» 






A 






0.001SS 






^ 






0.00178 












0.9017* 
0.00180 
0.00180 
0.00177 





The value of the dissociation constant may serve in many cases 
as a t rus t w o r t hy aid in the identification of a compound.' 

Since a consideration of the significance of this constant belongs 
to the subject of chemical statics, it will not be discussed further 
here. It may be well to state, however, that the order of magni- 
tudes of these constants for different compounds is also the order of 
their degrees of dissociation in solutions of the same equivalent 
concentration. A direct proportionality does not exist between the 
constants and the d^rees of dissociation, for, as the dilation is in- 
creased, the latter approaches a constant value. Kevertbeless, some 

>Bcadder, J. Fhf. CAem^ T, 209 (190S). 
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(xmcloBiona from the existence of sacli constants, which were em- 
pirically established by Ostwald before the dissoci&tioii theory was 
proposed, will be considered. 

1. With incieaaiog value of D in the equation, 

the left-hand side finally becomes infinite. Since ]^ aod ]^ are 
always finite quantities, this can only be true when 

fio = &.- 
7^ equimUent conductance approaches iU vaitte at itifinite dilation 
at the dilution is increased. 

2. In the case of slightly dissociated, and consequently poorly 
conducting, binary electrolytes, where ]^ is very small in compari- 
son with ^, the ezpiession (g^ — g^) changes bnt sl^jifatly with the 
dilation and may therefore be considered as a constant. Hence the 
equation, 

^ = Constant. 

7%« equivalent conductance increases loUh increasing ddution in pro- 
portion to the square root of the dilution; or the square of the equiva- 
lent conductance increases in proportion to the dilution. 

3. If the mass-actioD equation for the dissociation be written is 
its original form as follows : — 

then for Bubstances which dissociate but slightly, the value of 1 — z 
may be considered as unity without serious error and the equation 
assumes the form, 

Jn Ae ease of i^h^ dittodat^ deetrelytes, the dissociation eonatanl 
varies directly as &e squars of fA« percentage dissociation and inversely 
as the dSution. 

4. According to the derivatiOD given in ITo. 2, the following equfr 
tiona hold for two or more slightly dissociated eleotrolytes : — 

£i^= Constant, 

and i^*=Constan^eU. 



CONDUCTANCE OP ELECTROLYTES IC 

» tiro eqnatious may be combined, teaalting in the eqnata<Hi, 



If now Hba dilntion of one of the eleotrolTtes (i)*) is eqnal to th&t 
of the other (i>"), then the equation becomes 

^1?^^. = Constant. (a) 

From the equations derived in No. 3, it may be shown in a similar 
manner that the following equation holds : — 

In the above equations, £'j„ z*, K'^, and s"o, z", and K"g represent 
the equivalent conductances at dilation D, the degrees of dissocia- 
tion, and the dissociation constants of the two electrolytes respeo- 
tively. It has been shown that 

Hence for tiie above electrolytes we have the equation, 

If now the value of s', is equal to that of s"_, such as is the 
case with many acids because of the very great migration velocity of 
the ion which they have in common (the hydrogen ion), this equa- 
tion becomes 

^.=&- (" 

Combining eqoationa (b) and (c), the following eqoatipn results : — 

(»'.)' _ g. 

(»"„)• JT", 
3^ aqaaret of the equivalent condudancea of different eieetr^ytee at 
tke some dflution are to eacA other aa the eorreapondiiig dtuocwdton 



& In the equation — 
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the value of ^ ma^, in the case of electrolytes which dissociate to 
a large degree, be considered as remaining practically constant wiUi 
increasing dilation, and as k_ is ii> itself constant, the equation 
becomes 

--= Constant 

Tie diffierenee betioeen the tquivalent conductance at a given dilvtion 
and that at the dilution infinUj/ muitiplied by the former dUvtion gives a 
constant value. 

6. In the case of electrolytes which dissociate to a large extent, 
the value of the percentage dissociation x may be oonaidered as 
approximately equal to nnity. The equation 

may then lie written in th« simple form, 

1 



= ii-, or (l-«)C_|r. 



(l-.)0 

7^ undiMoeiated portion of an electrolyte midtiplied ftjr tile dHuOon 
i> equal to the reaprocal of the dissociation coTitiant. 

According to this statement, it is evident tliat if the nndissociated 
portion at an eqaivalent dilution of 50,000 cubic centimeters amounts 
to one per cent, it will amount to only one half per cent at a dilu- 
tion of 100,000 cubic centimeters. 

7. According to the deriration of No. 6, the following equatiouB 
hold for any two electrolytes which are largely dissociated : — 

(fi'„ —KV)^'= Constant, 

and (a". — B"i»-)-D" = Constant. 

These eqaations oombined give the following : — 

^'- ~tt'^)^ = Constant 

When the dilation of one electrolyte D' is equal to that of tlie 
other jy, this equation becomes — 

- ^ £ -^ ,f - = Constant (o) 

In a similar manner, from the derivation of ll'o. 6 the following 
equation may be obtained : — 
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I-a^ K' 



m 

The latter eqnatioD may be expressed in wotda as foUom : — 

71ieundi8aociated portions of di^^rrent electrolytes at the aame equiva- 
lent dUvtion are inversely proportional to their dissodation conetanta. 

When the equivalent conduotAnoes of the two electrolytes at 
infinite dilation are nearly the same, eqaations (a) and (p) may be 
oombined, giving the approximate equation, 

fi''^ — b"j) ^'d 

7%« differences between the equivatefU condttctance at a given dUution 
and that at infinite dilvtion of two electrolytes are inverady propor- 
ttotial to their disaodation constants. 

8. Finally, the following regularities for all electrolytes may be 
deduced. If two electrolytes are dissociated to the same extent, 
then the left side of the equation, 

1 — Of , ' 

is the sane for both, and, consequently, the sam« is true of the 
right side. 
Henoe the equation, 

D' ^K"t 

« D>' n't' 

The eqiUvalent dilutions at which different electrt^gtea posseaa th^ 
$ame degree of dissociation {and also often nearly the same equivaleni 
conductance) are in a constant ratio to each other, which is equai to 
the inverse ratio of the resjpetiioe dissodation eonstante. 
The foregoing approximations may often be used with advantage. 
Halation between Oinodation CoutaDts and Chemical Conititn- 
tion. Some very interesting rel^ons have been found between the 
magnitudes of the dissociation constants and the chemical constitu' 
tion of acids, as may be illustrated by a few examples. The con- 
stants (f j> 10^ for aoetic acid and the three chloracetio acids, at 26", 
are as follows : — 

Acetic acid (CH,GOOH) .... 0.00180 

Honochloracetio acid . . (GH^CICOOH) .... 0.165 
Dichloracetic add . . . (CHCl^COOH) .... 6.U 
^ Trichloraeetio add . . (CC1,C00H) .... 121. 
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Thas the replaoemeat of the hydrogen by chlorine cmuaes a verj 
lugfi inerease in the value of the oonstant. That this ineiease it 
not the same for the saccesBive replacements by chlorine is endoit 
from the folloring table : — 



TUtd 



, or 28.6 fold. 



It may be oonclnded from this that the introduction of ohlorine 
into acetic acid produces an effect somewhat different &om that 
irhich it produces when introduced into chloraoetic acid. This is 
not surprisii^, since a chlorine atom is already present in the latter 
oomponnd. An increase in the value of the dissociation ctmatant 
indicates an increase in the degree of dissociatlcm, and also aa 
increase in the intensity of its acid character. The replacement 
of hydrt^n by chlorine produces an effect in this direction. The 
introduction of such other so-called negative radicals as Br, GS, 
SCS, OH, etc, also incraases the acid chaiaoter of the original com- 
pound in a similar manner. 

The a and ^ substituted derivatives of acids possess very different 
dissociation constants, thus showing the marked constitotion prof^ 
er^ of this constant. The same applies to the isomeric derivatives 
of benzene, for example : — 

Benzoic acid OACOOH O.00fi 

o-Hydroxybenzoic acid . . o-CA(OH)COOH . . . 0J02 
»»-Hydrorybenzoic add . . »i-C4H«(0H)C00H . . . 0.0087 
j>-HydTOzybeazoic acid . . j>'G|H4(0H)C00H . . . 0.00286 

These examples show that a knowledge of the dissotnation con- 
stant is of aid in the determination of the chemical constitution of 
compounds. By the introduction of an hydroxy! group into benztno 
acid in the ortiio position, the constant for the acid is increased 
seventeen fold. When the same group is, instead, substituted in 
the meta position, the change from the benzoic acid valoe is sl^ht^ 
bnt still positive, vhile an entrance into the para position even 
oaoses a considerable reduction of the constant. Consequently, it 
might be assumed that if a series of acids be formed by introdaoiiig 



CONDUCTANCE OP ELECTROLYTES 118 

hydioxyl groups into ottho-oxy benzoic acid, their dissociation con- 
stants would vary in a similar manner. That this is the case is 
evident from a consideration of the following table : — 

(^Oxybenzoic (saUcylio) acid C,H4(0H)C00H 0.102 

Hydroxyaalicylic acid . . C^,(OH),COOH (2, 3) ... 0.114 

Hydroxysalicylic acid . . CH,(OH)^OOH (2, ^ ... 0.108 

Eesorcylic acid ... . C4H,(0H)/X)0H (2, 4) . . . 0.062 

Eesoroylio acid .... CJI^OH)icOOH (2, 6) . . . 6.0 

In the acid (2, 3) and also in the acid (2, 6) the neir hydrozyl 
group is in the meta positiim in relation to the carbozyl group. 
Consequently, only a very sl^ht increase in the dissociation constant 
ia to be expected. This agrees with experimental observation. 

In the acid (2, 4) the new hydioxyl group occupies the para posi- 
tion, and, as in the case of hydrozybenzoic acids, a new constant, leas 
than the original one, results. Finally, when the second hydroxyl 
group occupies the remaining ortho position, as in the acid (2, 6), a 
corresponding great increase in the constant is found, the increase 
being about fifty fold. 

Interesting relations have been found in the case of the dissocia- 
tion in stages of dibasic organic acids. From the fact that the masa- 
action equation for the dissociation of binary electrolytes holds also 
for weak dibasic acids, it follow that the dissooiation takes place at 
firat according to the equation, 

HiB^ff + HE'. (a) 

Only in the case of strong acids does a further diasooiation aoooiding 
to tins equation 

HK'^H +B" (6) 

take plaoe. In such cases the equation 

(l-!r)D 

derived for binary electrolytes, naturally does not apply. Dif- 
ferent dibasic or polybasic acids are strikingly characterized by the 
way in which they dissociate. While in the case, of some acids 
the dissociation of the second hydrogen, accordii^ to equation (b), 
takea place only after that of tl^ first hydrogen, according to equa- 
tion (a), is 'nearly complete, in the case of other aoidB the dissociation 
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of the Bectmd hydrogen takes place to some extent when but fifty per 
cent of the fiist hydrogen is dieaociated. This difference is evident 
in the titration of acids with indicators. SulfurouB acid, for example, 
when titrated, using litmus as an indicator, gives do sharp end point, 
the dissociation of the second hydrogen being too slight. Hoirever, 
Boocinic acid, vhich in respect to the first hydr<^n ion ia tax less 
dissociated than snlfnroaa acid, may be easily titrated with the use 
of this indicator. 

Between the dissociation constant for the dissociation of the first 
hydrogen atom (dissociation constant of the free acid) and the corre- 
sponding constant for that of the second hydrogen atom there exists 
the following relation : — 

1. The first hydrogen atom ia dissociated to the greater, and the sec- 
ond to the Ueser extent, the nearer the ttoo carboxyl groups are to each 
other. The reverse is also trve. 

This statement was first made by Smith,' who based it apon his 
own work and also that of Ostwald and Xoyes. 

As an illustration of this principle, the following quotation from 
Ostwald is given, in which it is assumed that the electrical charge of 
the acid ion is localized on the hydroxyl oxygen of the carboxyl 
group: — 

" In the case of the dissociatioa of the first hydrogen atom of 
dibasic organic acids, the one carboxyl group exerts a negative infiu- 
ence upon, and tends to increase the degree of the dissociation of, the 
other carboxyl group. This tendency is the stronger, the nearer the 
two carboxyl groups are to each other. If the first stage of the dis- 
sociation takes place according to the equation 

then the second stage, HB'%^4-B"^ ^' 

will in general take place £ar more difficultly than the first stsge^ 
since the n^atively charged ion HB' in dissociating most take up 
an extra negative cba^ to form the ion K", and since the two 
D^ative charges repel one another. Secondly, the ease with which 
tiie .second stage of the dissociation will take place depends upon 
the distance between the charges. Thus the nearer the oha^ea on 
a bivalent ion are to each other, the less is the tendency of the 
hydrogen atom to split off, and conversely." 
The behavior of fumario and maleic acids is in complete agto«> 
1 ZtmAr. phyi. Cbmn., BS, IM (ISSEQ. 
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ment vitli the above principle and typothesie. This iriU be evi- 
dent from a stad; of the following formolee and tables: — 



H-C-CX)OH 



..>.».™, 




K^-ic 




KjKlO- 


128 


66.8 


1.18 


29.8 


0.085 


S66 


78.8 


1.14 


39.0 


0.097 


613 


87.1 


1.15 


60.8 


0.099 


lOM 


02.8 


1.17 


«8.0 


0.110 


9048 


98.2 


- 


76.6 


0.140 



The per cent dissociation is calcnlated on the assumption that the 
acids dissociate as if they were monobasic. 

The carbozyl gronpa in the fumaric acid molecule are farther 
apart than those in the maleic acid molecule. Corresponding to 
tMfl, the dissociation constant is much less in the former than in the 
latter case. On the other hand, the dissociation of the second hy- 
drogen takes place appreciably in the case of maleic acid only after 
a nearly complete diseociation of the first hydrogen atom, while in 
the case of fnmaric acid it takes place when but about fifty per cent 
of the first hydn^n atom is ionized. This is indicated in the above 
tables by the increase in the value of the constant The acid salts 
show an analogous behavior in respect to the dissociation of the 
Beoond hydrogen atom. At a molar dilution of 64, the dissociation 
of this atom is 0.39 per cent in the case of the acid salt of maleic, 
and 0.86 per cent in that of fumaric, acid. 

The effect of substituted groups in organic dibasic acids upon the 
dissociation of the second hydrogen atom is expressed in the 
following statement: — 

2a. The degree of dissociation of the second hydrogen atom of aO 
mAstitvied adds it lest than that of the ortgiTuU add, except in the 
case of hydroxgl substituted acids, in which it is increased. 

Thus the dissociation of the second hydrt^en atoms of methyl- 
and ethylnBuccinic acids is less, and of the hydrozysnccinio acids, 
malic and tartaric acids, is greater, than that of succinic acid itself. 

The relation between the dissooiatiOD constants of the first and 
aeoond hydrc^en acids of analogous sobstitated dibasio acids may 
be expressed as follows : — 

3b. l^e dissociation constant (f ^ of the second hydrogen atom 
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0/ a substituted add i» (Ae miaBer, the greater the constant (iT^) of 
the Jirst hydrogen atom. In other words, the substituted groups ajieet 
the diMociation of the two hydrogen atoms appositely. 

While, for example, the value of K'^ foi methyl- and ethyl-suocinio 
acidfl is greater, the value of K''^ for these acids is less than the 
corresponding constant Kt for succinic acid. 

A knowledge of the dissociatiDn constant of the second hydrogen 
atom would undoubtedly, in many cases, be of an importance equal 
to that of the first hydrogen, in the study of the constitution of 
dissolved substances.' 

Finally, it should be mentioned that with the ud of the dissocia- 
tion constants of weak acids the degree of hydrolysis of their alkali 
salts may easily be calculated.* 

Tflloeity of Higration of IndlTidnal loni. — From conduct&noe 
. measurements not only have the dissociation constants of a large 
number of organic acids and bases been determined, but also the 
relative velocities of migration of the organic cations and anions. 
It has already been stated that the sodium and potassium salts of 
aoida and the chlorides and nitrates of bases are dissociated to such 
a degree that the equivalent conductance at infinite dilution £■ 
is experimentally determinable. By subtraction of the known 
velocity of migration of the sodium, potassium, nitrate, or chlorine 
ion, as the case may be, from this value of £., the velocity of 
the migration of the other ion of the compound is obtained (see 
page 106). 

Through a stoicbiometrical comparison of the numbers represent- 
ing the migration velocities of the individual ions, certain relationa 
have been discovered, some of which will be mentioned. These aie 
taken from the comprehensive work of Bredig.' 

The migration velocity of ions of elementary substances is a 
periodic functitm of the atomic weight. It increases with increas- 
ing atomic weight in any series of related elements. In these oases, 
the rule applies that considerable differences occur with the first two 
or three members of each series. Moreover, similar or related ele- 
ments whose atomic we^hts are greater than thirty-five migrate 
with nearly the same velocity. These statements are illustrated by 
the following results obtained at IS" t. See also the values given 
on page 93. 

' For toTtheT Telationshlps between the obemical ooDiUtatlon Hid the alBnltr 
oonetAnta, Me Wegwheidei, Wien. Monatth^, », 38T (IINH). 
" Walker, ZUeliT.phrs. Chem., SS, 187 (1900). 
* ZlKAr. phyM. C\«m., U, 101 (18M). 
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ZUKBIt 


Ammio Wmbb* 


.. 


ELiiniR 


a™.»w».« 


u_ 


LithlQm 


7 


8S.4 


Fluorine 


19 


46.6 


SodloiD 


as 


4S.5 


CUoilne 


36 


66.4 


PotwKinm 


89 


64.T 


Bromine 


80 


87.6 


Bobidlnm 


8fi 


67.6 


Iodine 


127 


66.4 


CMlnm 


188 


68.2 









For eomplez ions the followii^ principles hare been establiBhed. 
Isomeric iODs migrate with the same velocity, as is eTident from 
the following Talnes : ' — 



IBntyilo 
fleobatyrtc 

ICinnunio 
Atropk) 



i Propyl 
I iBopropyl Mnmonlum 
i ChinoUn methyUom 
I iBoehinolin meUiyliam 



30.0 



Similar changes in the composition of analc^us ions prodnce 
ehanges in the same direction in the respective migration velocities. 
The magnitude of these changes does not remain constant for buc- 
eessive changes in the compoaition, bat decreases with decreasing 
migratioD velocity. In other words, as the number of atoms are in- 
creased in an ion, or a^ an ion becomes more complicated in its 
atraotnre, its migration velocity decreases, tending towards the gen- 
eral minimum value for onivalent anions and cations, namely, abont 
seventeen to twenty reciprocal Siemens units. A glance at the fol- 
lowing values will make this more evident : — 



loa 


8,-«.. 


VmLoem 


Dimunci »■ OH. 


Ammonlwn 
Dimethyl uumonlam 
Dtetbyl uumoniiim 

Diamyl ammoniam 


NH. 
HH.(CH,), 

HH,(C,H,), 
HH,(C,H.), 
NH,(C,H„), 


70.4 
G0.1 
80.1 
80.4 
90.0 
24.2 


2(10.2) 
2(7.0) 
2(2.9) 
2(1.8) 
2(1.4> 



In analogous series of anions and cations of the same valence, 
the migration velocity is diminished : — 

lOlMM T»laM have been taken directly from the article by Bndlg, and an 
Hiprooal Siemem nnitn. Tempenrtnre = 2fi° t 
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a. By the addition <^ hydrogen, carbon, nitrogen, chlorine, and 



b. By the leplacement of hydrog^L by Ghlorine, bromine^ iodine^ 
etc 

In genenl, the more complicated the ion, the lower is Its migia' 
tion velocity. Aooordingly, a polymeric ion moree more slovly 
than a simple one. 

The effect of added atoms or atom-groups on the migratiOD veloei^ 
of an icm ia often obecnred by the effect of the constitationa] dif- 
ferences. Thus metameric ions, although of the same oompoBitio&, 
migrate with different velocitieB because of their different constito- 
tions. In general, in the case of such organic cations, the migration 
Telocity increases with the degree of symmetry, as, for example, in 
passing from the primary form to the secondary, the Beoondaiy to 
the tertiary, etc. This is illustrated by the values for the catiotu of 
the series of bases given in the following table: — 



TOMM 


tOB 


8THMI. 


y-uK^ 


Prim«T 


Xylldtne 


C,Hi^ 


80J> 


BeoMulaiT 


EtlirluiiUne 


CHiJI 


80.fi 


Tsrttary 


( Dtmethyl uilUna 
IcolMina 


CHuN 

CHuH 


MA 


Qiiatofnur 


f PoooUno ethylhnn 


CHuN 
CiHuN 


86.1 
S6.S 



Thus the effect of added atoms or atom-groups on the additivity, 
particularly in the case of cations, is often destroyed hy the opposing 
influences of such constitutional difEerences. Indeed, the direction 
of the additive change may even be reversed through over compen- 
sation by the constitutional changes, as in the following case ; — 



I<w 


Stkml 


ViLoorre 




CC,H,), = N-H 
(CH,), = N-CH. 


32.6 
84.4 



In spite of the fact that the latter ion contains one GH| group 
more than does the former, no retardation, but, on the oontraiy, an 
acceleration, of the migtation velocity takes place. 



CONDUCTANCE OF ELECTEOLTTES 



lit 



In the case of the migratioD Telocity of polyvalent ions of organio 
acids, WegBcheider' hoe called attention to the following note- 
worthy regularities : — 

The ratio of the migration velocities of bivalent and univalent ions 
ocmtaiiiing the same numbei of atoms is apprt^imately equal to a 
constant value (1.78). The same also holds trae for the ratio of the 
migration velocities of bivalent and univalent ions when the latter 
contain one atom more than the former. In this case the same acid 
is formed from the bivalent and from the corresponding univalent 
ion aud the value of the ratio is 1.81. The same relationship holds 
approximately for inorganic acids, as follows : — 



^^u- 


n. 


DwlTillUT IO» 


r'. 


0.+ D-. 


HPO," 

HAaO«" 




H.P04' 

H,A80/ 


8S.6 
81.7 


1.64 
1.72 



These relations are also of interest theoretically. It is a natural 
assumption that the . resistance encountered by a moving ion is in- 
dependent of the number of electrical charges oarried by the ion. 
Furthermore, since the force driving the ion is, in the same electrical 
field, proportional to the electrical charges on the ion, it would be 
expected that the migration velocity of an ion would be doubled if 
to its first charge another be added. However, as has been seen, 
observation is not entirely in agreement with this conclusion. 
Hence we must conclude that the resistance opposing the movement 
of an ion is influenced by the extra charge upon the ion. To ex- 
plain this, it may be conceived that the volmne, and consequently 
the frictional resistance, of the ion is increased by the mutual repel- 
lent action of the two charges of the same kind. 

As the valence becomes higher and higher, the effect of the extr* 
eha:^e on the ion becomes less and less. In the case of ferro- and 
ferri-cyanide ions it is practically zero. Their migration velocities 
are 89.6 and 90.3, respectively. 

Abulote Vfllooities of tlie Ions. — By the procedure given by 
Eohlrausch, it is possible to calculate the reioci^ in centimeters per 

second ( — ^ j with which the individual ions are driven throi^^h an 

aqueous solution under the inflnence of a given potential gradient or 
potential fall, per centimeter. For the sake of simplicity let us ood- 

iSltinmBRber. d. E. Ak. i. WIbb. Wien. Matb.-naUrw. Kl.,n, 11 b. Hay. 
IMS. Units = Slemena; lempentOK = 36°. 
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Bider two platiaain electrodes, one oentimeter apait, with one equiv* 
lent of negative and one of positive ions between them. Let the fall 
in potential from one electrode to the other be one volt If, under 
these ciicnmstancea, exactly 0.001 £ ((i= 96,540) coulombs of eleo- 
trioi^ pasa through a cross section of the solution in one seoond, 
and if the positive and negative ions migrate with the same velooity, 
thai each ion travels through a distance of 0.0006 centimeter dur- 
ing this time, oi poesesses the velocil? 0.0005. Since 0.001 a 
ooolombs pass though the cross section, 0.001 of an equivalent at 
an ion separates at each electrode. Moreover, 0.001 of an equivalent 
of ions must pass through every cross section of the solution, of whioh 
quantity 0.0005 of an equivalent are positive, going toward the 
cathode, and 0.0006 negative, going toward the anode. Therefore 
0.0006 of an equivalent of ions is brought up to each electrode. In 
other words, the ions, which at the beginning of the electrolysis 
were 0.0006 of a oentimeter from the electrode to which they were 
to migrate, would just reach the electrode in one second. This gives 
the desired absolute velocity of the ions. In the ease under con- 
sideration, the sum of the distances traversed by the positive and 
the negative ions in one second is equal to 0.001 of a centimeter. 

The quantity of electricity which has passed through the solutitm 
in one aeoond (i.e. the current o in the amperes) divided by q, or 
96,640, gives, under the conditions mentioned, the velooity of tiie 
ions in centimeterB per second, or, otherwise expressed, 

qaiiAn ^ Velocity of the ions in centimeters per second. (a) 

Thus in the above case, 
96.540 
96545 



0.001 centimeter per second. 



The relation between the current, fall in potential between the 
electrodes, lesistanoe, and conductance is as follows : — 



Resistance ' 

and Conductance = ?; — ^-r • 

Resistance 

Combining these equations, the following is obtained:^ 

Current = Potential-fall x Conductance. 

Sinoe the potential-fall is one volt, it follows that — 

Current =1 Conductance (express in reciprocal ohms). 
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Bnt then is one eqaivaleBt of the electrolyte between the two eleo- 
tiodea. Therefoie, in this case, the conductance measured ia the 
equivalent oondnctance, and the above equation beoomes — 

Cnrrent = Equivalent oonductanoe. 

^ aubotitating this value of the current in equation (a), the follow- 
ing is obtuned : — 



Equivalent oondnctance 
96516 ' 



: Total velocity of the iona. 



w 



If the two ions do not move with the same velocity, they share the 
above total velocity in proportion to their individual migration 
relomties. 

A nnmerioal example will make this discussion dearer. The 
equivalent conductance of an infinitely dilute solution of potassium 
chloride at iH" t is equal to 130.0 reciprocal ohms. Hence, aooordu^ 
to equation b, — ■ 

Total velocity of K' + C1' = q- -\y or 0.001346 cm. per seoood. 

But for potassium chloride, — = ^^■ 
' D, 66,4 

Hence the two ions K' and CI' share the total velocity in the ratio 
64.6 : 65.4. Accordingly, for the potential gradient of one volt per 
centimeter, 



Telocity of K' = 0.000669 cm. per second, 
and Velocity of Gl' = 0.000677 cm. per second, 

in a solation of infinite dilution. 

The absolute migration velocities u,.. and u^ of a number of 
i<ms at infinite dilution in water solution at 18° t, calculated from 
the most recent values of the mij^tion velocities expressed in units 
of conductance (see page 93), are given in the following table: — 



c.™«. 


V.U)CtTT !!^ 


AHtom 


^—^ 


K- 


0.000669 


CI' 


0.000677 


VOt 


0.000607 


NO,' 


0.000040 


na- 


0.000450 


ac 


0.000670 


u- 


0.000348 


OH' 


0.00160S 


M' 


0.000560 






w 


0.008204 
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The migration velooitiea of ions is less in solutions in vhioh th« 
dissociation is incomplete. AoGording to the abo7e disonssion, the 
sum of the migration Telooities of positiTe and negative ions, in 
BQch solutions, is given fay the expression, 

96540' 

Trhen £o represents the equivalent oondnctauce of the electrolTte in 
qaeation at the dilution D. Since, in each cases, only a portion of 
the electrolyte takes part in the migration, the absolute migration 
velocity obtained upon the assumption that the entire equivalent of 
ions migrates is too small. For the individual ions, in sufBciently 
dilute solutions, the following equations hold: — 

Oa = x(c,)^, and d, =a!(u,)_. 

Here, ir. and u. represent the migration velocities of the anion and 
cation respectively, in a solution in vhich the degree of dissociation 
is equal to x. 

It is of interest to note, that it is possible to verify the above oal- 
culated values of the absolute migration velocities of the ions by 
direct experiments. Suoh experiments have been carefully carried 
out by Whetham, Masson, and later by Abegg and Steele,' following 
the method given by Lo^e. The results obtained are in remark- 
able agreement with the calculated values. In a preliminary experi- 
ment, Lodge measured roughly the migration velocity of hydrogen 
ions in the following manner: He brought an acid solution into 
contact with a solution of sodium chloride made red with alkaline 
phenolphthalein and solidified in gelatine as shown in the acoom- 
putyii^ diagram [Figure 32]. An electric current was tiien passed 




from the acid solution through the salt solution, in such a direction 
that the hydrogen ions entered the colored gelatine at a. As theee 
ions slowly penetrated this solution of sodium chloride in jelly they 

> ZUehr. pAy*. CUm., 11, 290 (1893); Zuehr. phge. CJum., M, 601 (1B09); 
Ztmhr. SlttaiW!hemi«, T, «18 (1901); Stchr. phyi. Chan., 40, 606 and TST 
(1908). 
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derttoyed the red color of the indicator. Henoe, by me&snring the 
nto of progresB of this decoloration, i.t. the time reqaired for the 
moving boundary between the colored and colotleea parta of tike so- 
lution to reach b (a known distance from a), Lodge obtained the 
Actual Telocity of the hydn^en ions. He did not, however, correctly 
interpret his results. 

Whetham improved the method used by Lodge, and detennined the 
mignitioQ velocities of complex copper ions in ammoniacal solution 
of chlorine, and of bichromate (Gr^") ions. He placed two dilute 
solutions of the same specific conductance, one of which was color- 
less and the other colored (such as, for example, solutions of potas- 
aiom carbonate and potassium bichromate) in an upright tube, tike 
one of least density above the other. If this is carefully done, a 
sharp boundary may be obtained between colored and colorless solu- 
tions, and, when an electric current is passed through the solution in 
such a direction that the colored ions are migrated into the color- 
less solution, their velocity may be obtained by measuring the rate of 
movement of this boundary. The fall in potential per centimeter, or 
the potential gradient, must be measured at the same time, for the 
velocity of the ions varies direotiy with it. 

It has been shown by Abegg and Steele that the method employed 
by Whetham is also applicable to solutions, which, although color- 
less, refract a beam of light to different degrees, thus makii^ it pos- 
sible to follow the movement of the boundary between the two 
solutions. They determined the miration velocity of various ions 
at different dilutions of the electrolyte used, and found that the 
results obtained agree well with the requirements of the theory. 
As the dilution increases, the migration velocity increases and 
approaches the values calculated for infinite dilution. 

In a way these experiments on the migration velocities are a oon- 
tinnation and extension of those performed by Davy and described 
on page 38. Davy was, however, prevented from attaining the 
teal object of them by erroneous assumptions regarding ions. 

In this connection it may be mentioned that Whitney and Blake ' 
found that n^ative colloidal suspensions cd gold, platinum, ferrio- 
ferrocyanide, and a suspension of miorosoopio quartz particles, 
possess an initial velocity of migration of 0.0004 to 0.0006 centi- 
meter per second, i.e. nearly equal to that of CIO,' ions. 

Bleetrolytia Triotional Eeditanos. — Having calculated the abso- 
lute migration velocities of the ions, the frictional resistance, or the 

> J. Am. OUM. Soc, W, ISSS C19M). 
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force requiied to driTc them tlirou^ a solution,^ ia easily obtained. 
The meobaiiical energy or work expended is given by the equa- 
tion, 

S^ or W^ = Force x Distanoe. 

If the force required to drire one equivalent of a given kind of 
ions through a solution with a onit veloci^ of (nie centimeter pet 
second ia F, t^n the force required to drive the same quantity with 
a velocity U oeatimetets per second is equal to fTJ. By subetitu- 
ticm of these values in the above equatimi, we obtain 

E^oiW^^FVx U. 

The electrical eaexisj ^u or electrical work, is represented by the 
equation, 

E,oi W, = Volts X Coulombs = Volts X Amperes x Seconds. 

By substitution of the numerical values in this equation, tJie 
following is obtained : — 

B.oiW. = l X 96540 U= 9S4615 Ukgm. cm. 

By pladi^ the mechanical work equal to the electrical work, — 

PUx U=9S4B16U; 
„ 984614 

If one equivalent of ions be represented fay Bq, then for one gram 
of the ions, 

j,^ 98451S 
- U-KEq 

The value of this force for hydrc^n ions in a solution in whicb 
complete diasociation has taken place has, for example, been calcu- 
lated to be equal to 299 x 10* kilograms. This enormous value of 
the force is in agreement with the results of other calculations, and 
may be accounted for by the extreme state of division of the gram 
of hydrf^en ions. According to the calculations made by Planck, 
one atomic weight in grams of an elemeutary substance consists of 
0.617 X lO" atoms. One atom of hydn^en.then, weighs 1.63 x 10"" 
grams, and is diarged with 15.66 x lO"*" coulomtM of electricity. 
This charge may be considered as an elementary qnanti^ c^ eleo- 
tricity. 

1 WUd. Ann. 50, S86 (1898). 
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Tba Limited Applioabilitr of the Oatwald DilutumLaw. SnpiriiBftl 
Allies. — It is evident from a coasideration of its derirstion that tiia 
equation, 

which is an ezpresBioii of Ostwald's Dilution Lav, is applicable only 
in the case of binary electrolytes. From the fact tha.t slightly dis- 
sociated acids of other types, such as the di- and tri-basic acids, be- 
have on dilution according to the requirements of the above equation, 
it-follows that, at first, only one hydrogen atom separatee as a posi- 
tive ion, leaving the others combined in the univalent negative i<m, 
as represented in the equation, 

H^ :^ H + H^'. 

On continued dilution, the other hydrogen atoms begin to separate 
appreciably in the form of ions, and simultaneously tbe negative 
ions from which they separate inorease their valences. This is evi- 
dent from the equation, 

Experiments have not been made to determine dissociation con- 
stants for tertiary electrolytes ; moreover, as will be seen from the 
following discussion, they probably would not be very suocessfuL 

It has been found that the above dissociation eqnation does not 
hold for highly dissociated binary electrolytes, such ae the neutral 
salts, the mineral acids, and the inoi^^ic bases. Consequently the 
relations formerly deduced for highly dissociated electrolytes from 
the dissociation equation can only be considered as mere approxima- 
tions. Regarding the cause of this inapplicabili^ of the equation 
opinions still differ widely. ' 

The following empirical equation holds well over a wide range of 
temperature, for salts which dissociate into monovalent or into 
monovalent and polyvalent ions, at oonoentrationB between the 
values 0.001 and 0.2 normal : — 

where C reprraents the concentration of the solution, x the degree of 
dissociation, and n a numerical value which varies from 1.43 to 1.56. 

1 6m, for example, JahrbveA d. SUktroehtmi*, S, lOS (IVXt), md A. A. 
No^ee, Tedknologt QMr*erir< ^f> ''^°- * (DMember, IBM). 
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For Mlt« Thieh duaoeiate into mooonlent or into mooonloit 
and pol^alent ioni, the foUowing nmplsr eqnatiaiu hold between 
the coDcentratioiis 0.0006 and 1 twrmal : — 

1 — X = Constant x <7*> 
or l — x = Conctant x ((%)^- 

Henee the undiaaodaud paH of a taU, <u deUmined by eomdM»- 
HvUy meoMureTnejUs, U proportional to the cuberoot of the toted oonaen' 
traUonoft!ugaU,orto the cube root of itt ion coneentratum. 

An empirical role, expressing the change of equivalent conduc- 
tance of neutral salts with the dilution, haa been discorered by Oet- 
wald. By means of this rule, it is possible to calculate the basitritr 
of an acid, and also the value of its equivalent conductance at 
infinite dilution. It is of great service in the case of salts which 
undergo hydrolysis to a large extent at moderately high dilutions.* 
Ostwald found that the eqaivalent condnetaooe of the sodium salts 
of all monobasic acids inoteases ten units,* of all dibasic acids 
twenty units, and of all tribasic acids thirty units, between the 
equivalent dilutions 32,000 and 1,024,000 cubic centimeters. If the 
inoiease in equivalent conductance between these two dilutions be 
represented by A, and the basicity of the acid by B, then the rule is 
expressed by the equation, 

10 
The foUowiag Taluea for A and — have been obtained ; -~ 



SoMtn Salt ot 


A 




NlootlDlo sold 

Chlnalln« sold 

Pyridine utiaoMbonSo sold .... 


1D.4 

19.8 
81.0 
40.4 
60.1 


1.04 (appror. 1) 
1.86 (spprox. 3) 
S.lOCspproi.8) 
4.04(«ppror.4) 
6.01 (approx. 6) 



On the other hand, from the value of this difference A of an acid 
of known basicity, an indication may be obtained of the presence or 
aboenoe of hydrolysis. In the case of a salt of a very weak acid, as, 
for example, potassium cyanide, as the dilution inoroases the cyanide 
ioDB eombinfl to a certain extent with the hydrt^en ions of the water 

• AmAt. pA«t. CftCM., 1, 100 sod 6S0 (1887) ; B, 001 (1888). 

* Ttw valiNs naad on p^«s 116 snd 1X7 an •qnMsd In noipnosl Uemeas 
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(see next Beotion), fonning andiaeociated hydrocyaaio &cid. The 
eyainde ions whicli thns disappear are replaced hj hydioxyl ions 
from the water. This reaction between the salt and water, or the 
hydrolysis, is represented by the equation, 

K-+ CN' + H' + OH' (from water) 5t HCN + K' + OH'. 

The final result, then, of the dilution is that the number of hy- 
droxyl ions, instead of that of the cyanide ions, has been increased. 
Since the migration velocity of hydrozyl ions is far greater than 
that of cyanide icms, the equiralent conductance of potassium cya- 
nide increases more rapidly with increasing dilution than would be 
the case in the absence of hydrolysis, and, consequently, the value 
of the above difference A is abnormally great. An anal<^ua pio- 
oess takes place in the case of a salt of a strong acid and a weak 
base, with the exception that, instead of an undissociated acid and 
hydioxyl ions, an undissociated base and rapidly migrating hydro- 
gen ions are formed. 

Finally, for neutral salts which dissociate to a large degree the 
following relation has been found to exist : — 

S. — Bn = V, X V, X JT; 

when Sj, is nearly equal to £_. In these equations, v, and t, rep- 
resent the valency of the anion and cation, respectively, and if is a 
constant for all electrolytes which is dependent on t^e dilution. 
Having determined the value of the constant at different dilations 
ODce for all for a single electrolyte of known equivalent oondactanoe 
at infinite dilution, it is possible to calculate the latter equivalent 
oonduotance for any ot^Lcr electrolyte from a knowledge of the va- 
lences of its ions and its equivalent conductance, at any dilntdtm for 
which the constant is known. If the product v, x v, X f is repre- 
sented by pg, when D is the equivalent dilution of the solution in 
cubic centimeters, then 
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la the preceding table are gireo the ralnei found by Bnd^ foi 
pg for different ralnea of the product of the ralencieB of the ions 
and for different dilations at 25° (. 

The following relation, which was first noted by Bodlander and 
Storbeck,' can often be ooayeniently used : — 

when Xf.^ representa the d^iee of dissociation of a salt vhich forma 
univalent and n-valent ions, and x,^., that of a salt which dissociates 
only into univalent ions. This equationi holds when salts of the 
same base are compared at the same equivalent concentratioo. 
Thus, if the salts potassium chloride and potassiom ferrocyanide 
be compared at tJie same dilution, 

It may be mentioned, in conclosion, that the fact, already noticed, 
that the migration velocities are dependent chiefly npon the number 
of atoms contained in the ion, may be used in order to obtain the value 
of the equivalent conductance of compound ious at infinite dilution. 
If it is known, for example, that the anion of a certain acid contains 
eighteen atoms, its equivalent conductance at infinite dilution may 
be considered to be equal to that of another anion of the same num- 
ber of atoms, without introducing any considerable error. The same 
reasoning may be applied to the temperature coefficients of the con- 
ductanoe of individual ions. 

The; OondnatiTity and D^ree of Dissociation of Wattf . — Thus far 
it has been assumed that the observed conductance of aqueous solu- 
tions is due entirely to the dissolved substance, or solute, and that the 
water itself possesses no conductance. Striotly speaking, however, this 
is not true, for the water dissociates, though to an extremely slight 
degree, into hydrogen and hydroxy! ions vhich take part in the con- 
ductance with whatever other ions there may be present For all 
ordinary measurements of the conductance of solutitms, the conduc- 
tance of the pure water is entirely inappreciable. On the other hand, 
the impurities usually found in water, such as traces of salts, acida, 
or bases, which are removed only with great difficulty, may cause a 
oonsiderablfl error in the oonductance determinations in the case 
of dilute solutions. When such solutions are being investigated, 
it is neoeasary to determine the conductivity of the water used, 
and to apply the value obtained as a correction in the final results. 

ITor ft nomber of years Eohlransoh expended a great deal of efEort 
> 2Mb-. HMMy. Gk*m., M, 901 (lOH). 
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in determiiiiiig the actual oondactaooe of pore water. For water 
whidi was prepared and purified with the greatest oare, he f oond 
the f ollowii^ ralaes for the speoifio conduotaooe, or oonductivi^ : * — 



0.01 X 10-* 
O.0S8 X 10-* 
0.17 xlO-« 



" One millimeter of this water at 0* poeseseed a resistance equal 
to that of forty miUioit kilometers of copper wire of the same sec- 
tional area, or a lei^th of wire oapable of enoiroling the earth a 
thonsuid times." 

For reasons not neoessaiy to give here, it is probable that this 
experimentally found value is very near the actual value of the con- 
ductivity of pure water. Given this value, the d^ree of dissociation 
of water can easily be calculated. 

The above table states that the conductance of a oentometor cube 
of this water at 18° is equal to 0.038 x 10~^ reciprooal ohms. Con- 
sequently the conductance of one liter of it between elecbodes one 
centimeter apart is 10* times greater than this value, or equal to 
0.038 X 10~*. If there were present, in this quantity of the water, 
one equivalent of hydrogen and one of hydroxyl ions, the conduc- 
tance would have been equal to 492 reciprocal ohms, since, as has 
already been explained, the conductance of one equivalent of hydrogen 
ions between electrodes one oentimetor apart is equal to 318, and that 
of the same quantity of hydroxyl ions, under the same conditions, 
174 reciprocal ohms. If the conductance had been found to be equal 
to 492 reciprocal ohms, the water would have been 1/1 normal in 
Te8i>eot to hydrogen and hydroxyl ions. It was, however, found to 
be 0.038 X 10~* reciprocal ohms. Hence the concentration of these 
ions in the water is equal to ^•^?i^*'~* , or 0.77 X 10"', normal, or, 

otherwise expressed, one gram of hydrogen and seventeen grams of 
hydroxyl ions are present in about thirteen million liters of water. 

SnpersatUTated Bolutlons. — The idea has been prevalent for a very 

long time, and has not even yet disappeared, that supersaturated 

solutions must behave in a manner oharaoteristically different from 

saturated and unsaturated solutions. Conductivity measuremeuta 

1 EoUmiKh tad Herdwelller, ZtMclW. pltfi. Chem., 14, 317 (ISH). 
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lutTe, howarer, shown that rapersatoiated solutions possess no 
peculiar properties not manifested by other solutions. If, for ezun- 
ple, tiie condootiniy of a solution of a salt, whose solubilit? increases 
rapidly with rising temperature, be meaAured at a series of tempera- 
tures varying from those at which the soldtion ia supersaturated to 
those at which it is unsaturated, it will be found that the change of 
conductivity with the temperatore is perfectly regular throughout. 
If the results thus obtained be plotted on a coordinate system, it will 
be found that a r^^ar corre results which gives no evidence of the 
passage of the solution from the sapeisaturated to the saturated, and 
finally to the unsaturated, state. If supersaturated solutions were 
qualitatively difEerent from ordinary solutions a sudden change in 
the slope of the curve would haive been observed at the saturation 
temperature. 

Tsmperatuv CoefleieDt — Aocording to Kohlrausch, the change 
in conductivity with the temperature ia nearly linear, and may be 
expressed, ofteo between wide temperature limits, by the following 
equaticm : — 

So h — h 

In this equation k, and k^ are the conductivities at the temperatures 
t, and f] respectively ; (Asi.) is the temperature coefficient, which 
gives the change of conductance, expressed as a fraction of the 
conductivity, fig, at a given temperature, for a change in temperature 
of one degree. Q«neraUy 18° is chosen as the given temperature. 
The above equation may then be written as follows : — 

It has been found that, in the case of all well investigated elec- 
trolytes which dissociate to a high degree into univalent ions, the 
temperature coefficient ia the greater the smaller the value of 
the equivalent conductance. From this fact Kohlrausch deduced 
the following principle:' The temperature axfflcieni of vnivaient 
tons ia a function of their mobility. That ia to say, the greater tAe 
migration vdoeity the less ia the teti^eratHre ooeffldetit. It follows 
from this that the ratio of the mobilities of any two itms approaches 
unity as the temperature increases, which is in agreement with the 

1 SItHmpber. der kfinl|^ Fr. Akad. der Wlas. Phjeik. Hathem. EL, M, 679 
(ISOS). 
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ttatement made on page 76 that the tmuferenoe nnmbera approach - 
the Tslue 0^ with inoieasiDg temperatare.' 

The mag&itode of the tempeiature coefficient at ordinaiy tem- 
pentoMfl is shown by the ralues for dilute solutioiu given in the 
folloiring tahle : — 



0.020 to O.OSS 
0.000 U> aOM 
0.019 to O.OSO 



A tempeiatare difFeienoe of one degree thus changes the ralue of 
the oondnctiTity by from one to two and a half per cent, from 
which the importance of making oonductivity measurements tmly at 
oonstant temperatures is at once evident. 

As the concentration of the solution is increased, the temperature 
ooefflcient at first decreascB and then increases slightly. 

With the aid <^ the ezpresdon, 

u, = v^(l + «(t- 18) + fi it-lSf), 
Hie migration velocity of an ion at temperatures not &r from 18' t, 
v„ can be calculated if the values a, p, and n^ be known for this 
ion. A. table of values of v^ is given on page 93. In the follow- 
ing table are given the values of a and p calcuJated by Koblrausch' 
from experimental data : — 
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1 VnrtlMT puticmlan may be found In tlie racent oomprahendva Invwtlgatlaa 
ol JoDM and Weat, Am. Ckem. J^ H, 857 (1005). 
■ SOMvngiber., 48, 1081 (1901). 
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It may farther be mentitmed that conductiTi^ measniementa 
have recently been carried oat at reiy liigh temperatures (to above 
30(r).» 

If it be iisagiaed that the ions Id moving through a solation mast 
overcome a certain frictional tesistaooe, the eziatenoe of a certain 
parallelism between the change of the internal frictioa or viscost^ 
and that of electrical conductance of many solationa with the tam- 
peratare becomes comprehensibie. There is not, however, a strict 
proporticxuility between the two properties. 

Finally, it is a noteworthy fact that, in oontnut to conducton of 
the Jlrtt data, the temperaiure coefficient of the conductance of dectro- 
lytea ia neariy alwaya pontive. In other words, the condactivitf of 
an electrolyte nearly always increases with increasing temperature. 
The condactancfl of a solution depends both upon the migration vdoo- 
Uy and the nrnnber of the ions ctmtained in it. The migration velodty 
itself depends npon the magnitude of the friction which the ions en- 
counter in the water. Since the internal £riction of the water dimin- 
ishes with rising temperature, it may be assumed that the friction 
of the ions also diminishes and, as a consequence, the condnotance 
increases. This must be the case especially with salt solutions, 
since, owing to the high degree of dissociation, the increase in con- 
ductance with rising temperature cannot be ascribed to any consid- 
erable extent to a change in the degree of dissociation. According 
to this conception of the temperature effect, a decrease in eondao- 
tance with rising temperature can only take place when the effect of 
the diminution in the number more than compensates the effect 
of the increased mobility of the ions. In other words, with rising 
temperature a decrease in dissociation of the electrolyte most in 
this case take place. To many this conclusion may, at first sight, 
seem unjustifiable, in view of the fact that from the kinetic gas 
theory it would be expected that with rising temperature an increase 
in dissociation would take place. According to the laws and princi- 
ples of energetics however, this is not at all the case, bnt, on the 
contraty, it may be predicted that in certain cases an increase in 
temperature must be accompanied by a decrease in dissociation. 
The principle of energetics applying to such changes may be stated 
as follows ; — 

ff one of the factors determining the equiWirium of a syttem be 
varied in one direction, the equilibrium undergoes a change t^it^ 
if U took ^ace of ita^, vxndd be accompanied by a variation of Mm 
factor in the opposite direction. 

I A. A. Vojm and W. D. CooUdge, Zttchr. phyt. Chem^ 48, 323 (1903). 
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If the factor temperature be varied in a chemical system, the 
above principle may be restated as follows: — 

Jf a chemicai tyitem ai equUHynum be heated, the equiiibrivm ia dia- 
plaeed in that direction in which heat is absorbed. 

Consider, for example, a saturated solution of a substance in con- 
tact with the solid substance. If the solution be heated, according 
to the principle of energetics, that change will take place which is 
accompanied by an absorption of heat, I'-e. by a cooling efEect. Gon- 
seqaently, if the substance dissolves (in a nearly saturated solution) 
with an abeorption of heat, more of it will go into solation ; if with 
an evolntion of heat, some of it will preoipitate out of solution. 

Id a similar manner, the principle may be applied to the change 
of the dissociation of any electrolyte with the temperature. AU 
electrolytes which tend to become less dissociated with rising tem- 
perature, and consequently all electrolytes possessing negative 
temperature coefficients of the conductance, must dissociate with an 
evolution of heat, or, otherwise expressed, must possess a negative 
heat of dissociation. By heat of dissociation is meant the heat 
effect attending the unitm of ions to form an undissoetated molecule, 
and by positive and n^ative heats is meant respectively the heat 
that is given off to or absorbed from the surroundings. 

By means of direct determinations of the heat of dissociation, it 
is possible to test the correctness of the above conclusions. 

Heat of SitaooiatioiL — According to the dissociation theory, the 
process of neutralization of a strong base with a strong acid con- 
siets solely in the combining of the hydn^en ions of the acid and 
the hydroxyl ions of the base to form undissociated water molecules. 
It has already been shown that the degree of dlssociatiOD of water 
is very small. Consequently the product of the concentrations of 
the hydrogen and the hydroxyl ions must be extremely small. Now 
according to the taw of mass action, whenever hydrogen and 
hydroxyl ions are broi^ht together, oombinatioD must take place as 
required by t^e equation, 

Ch- X Cob- jt 

Since, in an aqneons solution the concentration of the undisaociated 
water is very great compared with that of the hydrc^en and hy- 
droxyl ions, it may be considered a constant The above equation 
may then be written as follows. 

Oh- X Cob- = JT-. 
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Biuce erCD in pure water sufficient hydrogen and hydroxyl ions 
are always present to satisfy this equation, and as the value of 
this prodoct cannot be exceeded, it follows that all hydrt^cen and 
hydroxyl ions brought into water must disappeat. Kow before 
mixing an alkali with an acid solution, we have in one case metal 
and hydroxyl ions and in the other acid and hydrogen ions, as may 
be illustrated by sodium hydroxide and hydroohloric acid. In this 
case the following iooa are present in the two solutions, lespec- 
tively : — 

NaandOH'i Hand CI'. 

After mixing the acid and alkali solutions, the ions of the metal 
and of the acid radical are stdll present and free in the solution, 
constituting a highly dissociated salt. 7%ejr have taken no part m 
the proceaa of neutraiization. In the case of sodium hydroxide and 
hydroohloric acid, only sodium and chlorine ions are present after 
mixing the two solutions, constitnting sodium chloride in the dis- 
solved state. Hence the real reaction which has takea place is 
represented by the equation 

H+OH' = HA 

It is because of the fact that the ions of the metal and those of the 
acid radical take no part in the process of neutralization that the 
value of the heat of neutralization is the same for all highly disso- 
ciated acids and bases, being in each case the heat of the union of 
hydrogen and hydroxyl ions to form undissociated water. This 
value for one equivalent of acid and base is 13,700 calories, at ordi- 
nary temperatures. Hence the above equation may be written as 
follows : — 

H + OS' = njO + 13700 calories, 

where the ions are present in equivalent qnantities. 

The value 13,700 <xdorie» then really reprtaente the heat of diMOcto- 
tion ofumter. 

This valae must not be confused with the heat evolved when 
gaaeous hydrogen reacts with gtaeoua oxygen to form water. 

If a partially dissociated acid be neutralized with a highly disso- 
ciated base, the heat of neutralization will be made up of the sum 
of two heats of dissociation, namely, that of water and that of the 
acid. Bepresenting the heat of neutralization by H„ the degree of 
dissociation of the acid by x, and the heat of the dissociation of 
the acid by H^ then 

£.- 13700 - (1 - sc) .a;, calories. 
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Henoe it follows that 

All dissooiBitiDg aoids whiuh exhibit a greater heat of nsntnlia^ 
ticm than 13,700 calories have negative heats of diBsociation. It has 
actually been found by Arrhenios * and later by Eolei that all aoids 
which poBseas a negatiTe temperatare ooefiScient of electrioal oon- 
duotirity have also negative heats of dissociation. Such acids 
therefore decrease in diasociation with rising tempeiataie. 

Inflnenoe of PressoTe. — The influence of pressme upon the ooi^ 
duotivity of electrolytes may be predicted &om the same reasoning 
which explains the influence of temperature. By means of a change 
in pressure a change may be produced in the concentration of the 
solution, the friction of the ions, and tiie dissociation of the eleo- 
trolyte. Eliminatit^ the change in concentration, which may be 
applied as a correction in the caloolation of the final results, experir 
ment shows that, in general, the conductivity of dilute solutions of 
highly dissodated electrolytes increases with increasing pressore. 
This may be ascribed to a diminution in the friction of the ioua 
with the water. This is in agreement with the fact that the inter- 
nal friction or viscosity of water decreases with increasing pressun. 
Therefore, as in the case of the temperature effect, there exists here 
also a parallelism between the change in conductivity and the change 
in internal friction. 

In the case of electrolytes which are bat partly dissociated, the 
effect of pressure upon the degree of dissociation must also be 
taken into consideration. This may be obtained from the volume 
chai^ during dissociation, just as the effect of temperature change 
was obtained from the heat evolved or absorbed during dissociation, 
i.e. the heat of disBOciation. If the formation of ions is accompa- 
nied by a diminution in volume, then an increase in pressure is 
accompanied by an increase in the degree of dissociation. This fol- 
lows from the law stated on page 132 expressing the change ineqni- 
librium caused by a change in one of its factors, since an increase in 
pressure is accompanied by a decrease in volume, and this change in 
dissociation, taking place of itself, ia accompanied by a decrease 
in volume, As a matter of fact, the dissociation of many moder- 
ately dissociated acids is accompanied by such a decrease in volume ; 
and corresponding to this, the increase in volume during neutralizt^ 
tion with a strong base is less for these Hoids than for acids which 

> Ztfckr. jAy*. Cftm., 4, 00 (1889) ; % 8SB (XOU). 
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aie nearly oompletely dissociated. This is uulogoos to the ahon 
oonsideratioa of the heat of dissodatioo. 

It is a neceasaty conseqaence from the investigatiocs of Fanjung' 
that the conductivity of such adds shonld increase with rising pies- 
nin to a greater extent than that of highly dissociated electrolytes, 
flspecially in the case of their sodium salts. This is in complete 
agreement irith the above explanations. 

Xixed SolTitioiu: Iiahjdric 8otittiiiBi. Applieatioa of SlBctriDtl 
CoodiutiTity to Chcmieal Analyns. — If the oonductivitiee of two 
■olndons and of a mixture of eqoal volnmes of the two solutions are 
determined under the same circom stances, it wiU not, in general, be 
found that the latter value is equal to the aven^ of the other two, 
excepting in the case of completely dissociated solutions. On mix- 
ing solutions of sodium chloride and potassium nitrate, for example, 
some undissociated potassium chloride and sodium nitrate must 
result, whereby the relations are complicated. 

Solutions which, when mixed, do not mutually affect the indi- 
vidual oonductivitiea, have been called by Bender " corre^xmding 
tolutiotu," and by Arrhenius, who investigated aeid solutions 
chiefly, "iaokydric toluttont." Two solutions are now said to be 
isohydrio when the concentration of the common ion is the same in 
each solution. No change in dissociation occurs, then, upon mixing 
them. This will be evident from the following discussion : — 

Consider, for example, one solution to be of acetic acid and the 
other of salicylic aeid. For the solution of acetic acid, according to 
the law of mass action, we have the equation, 



and for Balioylie add, the equation, 

in which Obah ^hkh ^o tind d represent the concentrations, in the 
respective solutions, of the undisBOciated acetic acid, the ondisso- 
oiated salioylic acid, each ion in the acetic acid solution, and each 
ion in the salicylic acid solution. Since the solutions are isohydric, 
and hence are of equal concentration in respect to hydn^eu ions, 

If now one liter of the acetic acid solution be mixed with foor liters 
> Zudur. pkgM. CkffK., 14, 678 (18M). 
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of the salicylic aoid solution, the contraction in volome is ne^igible 
for SQch dilate solutions, and the lesaltii^ ccmcentrations of the 
varioos conatitDents in the mixed solntion are as follows : — 

Hydrogen ions =C(a(7, (nnehuged). 

Acetate ions (CH.COO') =t CV 

TTndiBsociated molecoles of acetic acid =\ Chat 
Salicylate ions (C,H,OCOO') = t C.- 

Undissociated molecoles of salicylio loid h f Oaaa- 

By Biibstitiiti<Hi of these new Tslnes in tlie above eqaationi m ob- 
ti^ for aoetio aoid in the miztaie, 







= K^ 
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Therefore npon mixing the two solntaona no change in dissociation 
sbonld take place, since the requirements for equilibrinm b^iween the 
ions and the undissociated molecules in each oase remain satisfied. 
^Finally, it is erident that this is still true whaterer the volume of 
the one solution may be wMtdi is mixed with a glveu volume of the 
other ; and, further, that when two solutions are isohydric in reference 
to a third solution, they are also isohydric in reference to each other. 
From what has just been said, it may be concluded that solutions 
of a chloride, or of a bromide, etc., of the same metal, or of nitrates 
of closely related metals, of the same equivalent concentration, are 
nearly isohydric, since they are dissociated to neatly the same extent 
Hence the conductivity of a mixture of such solutions is very nearly 
eqoal to the average of the conductivities of the individual solutions. 
Upon this fact may be based a method of quantitative chemical 
analysis. If, for example, the condoctivities of two solutions of 
potassinm chloride and potassiam bromide of eqoal percentage eon- 
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neatniiaa are s and t,', respectiTely, then tbe oondactiTi^ of a 
mixture of these eolations k" is given by the eqaation — 

s" = mK + (l — m)K', 

vhen m and 1 — nt repiesents the qoantity of potaasiam cUwide and 
of potassiam bromide, reapeotively, contained in a nnit quantity of 
the mixture. When the value of k" ia determined, the value of m 
IB easily obtained from the above or the following eqnaldon: — 



Since here only condnotivit^ ratioa are involved, it is evident that 
the conductivity measurements may be expressed in any system of 
onits without changing the value of m. It is most convenient to ex- 
press these values in terms of the conductivity of a simple solution. 
The inaccuracy of m increases with the differences between k and s,'- 

In general, it is best to ascertain whether or not the conducdvitiea 
cS any two solutions in question are in fact additive in a mixture of 
them by means of measurements carried out with known mixtures ; 
for two other factors now to be mentioned may exert a disturbing 
influence. There may be a complex compound formed when the 
two solntionB are mixed, in which case the equations deduced above 
no longer apply. The fact that the conductivity of the mixture is 
not the average of the conductivitieB of the constituent solutions 
may even serve to detect the presence of such complex compounds. 
Secondly, the nature of the solvent may be changed by the mixing 
of the two solutions, resulting in a change in the d^ree of dissooift- 
tion and in the internal friction which the ions must overcome dnt^ 
ing migration. For instance, potassium chloride is dissociated to a 
greater extent when dissolved in pure water than when dissolved in 
a mixture of water and acetic acid containing a considerable portion 
of the latter liquid. (See later.) For the same reaaon, the addition 
of considerable quantities of acetic acid or of any other substance 
may change the conductivity of an electrolyte.' 

Finally it should be remembered that, as a matter of fact, the 
requiremente of the law of mass action are not always realized. 
The following empirical rule, which is of wide applicabili^ when 
no complex compounds are formed, is therefore of considerable 
value. The conductivity and the freezing-point imoering of a mbctwre 
of Mite having one ion in common are those oalcuiated under the ataump- 
Mm tkat the degree of ionization of each eaU u that wUcA it wotM 
iSoe ZUekr. ph^t. Okem., 40, 332 (IMH}. 
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haee if U was present aitme at suck an equivaient ameentnOum that 
the concentration of either of its ions is equal to the vum of the equiva- 
lent concentrationa of aB of the positive or negative ions present in the 



Asamnitig tlutt a mixed Bolation of sodiam chloride and sodium 
sulfate is 0.1 Dormal in respect to the first salt, 0^ normal in respeot 
to the aeccmd salt, and 0.18 normal in respect to the common positive 
ion (at to the n^ative ions), then according to the above rule the 
degree of dissociation of each of these salts in the mixture ia the 
same as it would be in pore water when its ion concentration is 0.18 
normal. 

In explaining this further, it is recalled that the following equa- 
tion holds for a sii^Ie salt dissolved in water (see page 126) : — 

Applying this equation to each of the salts in the above mixed 
solution, we have, 

l~Xi = Ki(xiOt + XtCt)i> and 1 — !^,= ^^^,C^^-x,Ci)i■ 
The oonoentration of the common ion of the mixed solution, 
XiCi+XiCt, is here the concentration of the positive or negative ions 
of each individual salt in the simple water solution. Since Ki and 
JCf may be known from conductivity measurements in the case of 
the individual salts, and since naturally the concentrations of the 
two salts d and (?■ are known, the values z, and x, may be found. 
This may best be accomplished by repeated trials until a satisfactory 
approximation is obtained. The equivalent oonduotanoe of tlte 
mixture is then given by the equation, 

Si> =:yL-.(CiD) + !B,B^(CiZ)). 

where (QZ>) and (CJ)) represent the fracticma of an eqoiralent of 
the two salts, respectively, which are present in a volume D of the 
mixture. The sum of the two values is equal to unity. It follows 
from this that the conductivity, or specific oonductanoe, is given by 
the equation, 

If the empirical rule stated above ia valid, then the value of the 
conductivity of the mixed solution calculated from the above equa- 
ticm must ^ree with the experimentally determined values. 

It should be added that conductivity measurements have been 
I A. A. Noyes, Ttetaology ^Mntor^, Vt, SOi (DaaembeT, lOH). 
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lued in chemical analysis in other cases, namely, in the deter- 
mination of the solubility of salts which are but slightly soluble in 
water, as carried out by Hollemann,' Kohlrauaoh, and F. Kose. 
The solubilities of such salts can be det«nnined by ordinary chemical 
methods only with great difQculty. 

If the solution is so dilute that the eleotndyte may be considered 
to be completely dissociated, then 



and fii>. = &. 






from which the value of D„ the volume in cubic centimeters of the 
saturated solution in which one equivalent of electrolyte is dissolved, 

may be calculated : — | 

^' I 

The values of R, and K^ the actual resistance of the scdntion in the I 
conductivity cell and the cell constant, are found t^ direct experi- 
ment, while that of £_ is oft«n obtained \fy calculation. The value | 
of D, being known, the solubility is determined. | 
The followii^ rraults have been obtained in this way : — ' 





..„ 


l^„^x™ 




ffilver bromide . . . 
Sil¥«r iodide .... 


ai.r 

20.8° 


0.67 xlO->Cn or 0.107 mg. per Uter 
0.0036 mg. per Uter 





In determining the solubility of many salts, as for example of the 
carbonates of the alkali earths, hydrolysis most be taken into con- 
sideration (see p^e 126). Since the hydrolysis may be driven 
back by the addition of OH ions, the conductivity, not of a solution 
of the salt in pure water, but rather of one in a dilute alkali solu- 
tion, should be measured. The true value of the solubility can then 
be calculated from the increase in conductivi^ of the alkali solu- 
tion which takes place when the salt is dissolved in it. 

Finally, it should be mentioned that Kuster ' has recently shown 

1 ZbeAr. phy*. Chem., U, 126 (1893> 

* Ztaehr. pAya. Chen., IS, 234 (1893). See alao SltiaiiptMr. d. kbnigL 
Pr. Akftdemle d, Wlak Fhyrik. Biathem. BO., 41, lOlB (1001) ; ZUehr. pkft. 
Ok«m., SO, 866 (1906). 

•Zt«(Ar. anorg. GKen., U, 464 (lOOS); 4S, 226 (1904). lUs t^ipliMtion 
d by KoUmiuoh aa euly m I886l See WUi. Ann., K, 226 (1686). 
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that oondaotiTity meaanrements may attaa with advantage replace 
indioatora in the titiatiOD of acids and bases. If, for example, 10 
flubic oentimeters of a 0.1 normal aolution of HGl be dilated to 
600 cubic centimeters and titrated with a 0.1 normal solution of 
NaOH, then dnring the titration the rapidly migrating H ions 
of the acid are gradnally replaced by the slower Na ions, and con- 
sequently the conductivity of the acid solution gradually decreases. 
After all H ions have been replaced and more XaOH is added, Na 
and rapidly migrating OH iona are increased in the solution, and, 
consequently, the conductivity of the solntion being titrated is also 
increased. Hence the end point of the tatration ia the point at which 
the condnctiTity reaches ita minimum valua In carrying out a 
titration in this manner, care must be taken to insure good stiiring 
and constant temperature. 

Segfolarity of loniiatioii. BaaotiTity of BleotrolytM. — It follows 
tiom what baa already been said in r^ard to electrical con- 
ductivity that different aubstancea when dissolved in water or in 
any other solvent often dissodate to very different degrees. The 
question at once arisea whether the ionization of different substances 
follows any regular scheme. It may first be questioned whether 
additive relations exist, or, in other words, whether for a given atom 
or atom-group there always exists the same tendency or force tend- 
ii^ to form ions. If this was actually the case, and if this ten- 
dency always appeared in the same way, the following would be 
observed: Given all the electrolytes with a certain negative ion 
arranged in the order of magnitude of their dissociations, then this 
order would not be changed if another negative ion was substituted 
throughout the series. Prom a study of experimentally determined 
facts, however, it ia seen that this assumption is untenable. Thus it 
is found that hydrochloric acid is always dissociated to a greater 
extent Hiaa any metal chloride in a solution of the same noimali^ ; 
while acetic acid ts always less dissociated than any metal acetate. 
Moreover, zmc, cadmium, and mercury salts are notable exceptions 
among salts. With the halogens these metals form electrolytes which 
are but slightly dissociated, and with mimy organic anions they form 
electrolytes which are lately dissociated. The d^ree of dissocia- 
tion of the corresponding acids is in the reverse order. Up to the 
present, furthermore, no other simple relation concerning the regu- 
larity of ionization has been discovered. 

B may, however, be stated that in general aB Kdts dissolved in vxOer 
are highly dimodated, whUe adds and bases show very great variatioHS 
in this respect, some being highly and some but dightly dissociated. 
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SolntioDfl of snbBtances not mcladed in these rlamrn geammDjr 
pouew a maaU, yet bf exact measorementB detectable, ocmdnctiTity. 

If a clLemical proceM u capable of taking place between two 
diMoIred sobatanoea, it always takes place instantaneoosly if the 
nbetaooes ara dissociated to a moderate de^p^ee. The usual 
reactions of an^ytical chemistiy ma; be cited as examples. In 
other cases in which the sabetances are either dissociated to an 
extremely slight degree, or to a degree beyond onr means of detec- 
tion, the reactions ngoally, bnt not always, take plaoe slowly at 
ordinary temperatures. Tbns in the preparation of organic com- 
pounds, it is nsnally necessary to carry out the reactions involved 
at a high temperature in order to obtain a satiafactoty yield with- 
out an undue expenditure of time. Kevertheless, it dimdd not be 
claimed that chemical reactions can take plaoe only when the sub- 
stances involved are ionized. Such a claim is decidedly too broad and 
is not in harmony with facta ; for undissociated substances can react 
witii each other, and in some cases with a high velocity. This is shown 
in an especially striking manner by the investigation of Elahlen- 
berg,* sccordiDg to which, solutions of stannic chloride and of cop- 
per oleate in benzene, which were nonconductors of the electric cor* 
rent, when mixed immediately gave a precipitate of copper chloride 
with the simultaneous formation of stannic oleate. 

Solvents other than Water. Selation between the Disioeiating 
Power and the Sieleotrio Constant of BolveDts. — Already a large 
number of investigations have been carried out with solvents other 
than water or with mixtures of various solvents. It would be 
natural to expect that the conceptions which have been found ser- 
viceable in the case of solutions in water could be applied directly 
to solutions in other solvents, keeping in mind that, according to 
the individual nature of any given solvent, the degree of dissocia- 
tion, the migration velocity of the ions, and consequently the con- 
ductivity of a solution of a given concentration would be different. 
It is a noteworthy fact, however, that the behavior of non-aqueous 
is much more complicated than that of aqueous solutions. This is 
shown especially by the investigation of the conductivity of solu- 
tions of various substances in liquid sulfur dioxide made by Walden 
and Centnerszwer,' Keitber the law of the independent migration 
of the ions, nor the law that by increasing dilution the conductance 
approaches a maximum value, nor, finally, the dilution law, was 

1 J. phf. Chem^ S, (1908). 

* Ztaehr. pl^t. dUn^ N, SIS (1903), siul Walden, ZfeM: pAyt. Ckem., i*. 
SSfi (leOS). 
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found to hold. Molectilar weight determinatioiis carried out at 
the same time by the boiling-point method gave normal Talues 
for noD-eleGtroljtes, and abnonnallj large valoes for electrolytes, 
whereas abnormally tmaU valaes would be expected. This indi- 
cates that associatioii has taken place to a eonsiderable extent, 
which in all probability takes place not only between molecules of 
dissolved aabstance, bat also between these molecules and those of 
the solvent. Considering these circum stances, it is very fbrtonate 
for the advance of the scienoes of chemistry and electro-chem- 
istry that such oomplioations are generally, although not always,* 
absent in the case of aqueous solntionB. It is due to this fact tiiat 
it has been possible to deduce simple laws from a study of such 
solutions. 

Although for solvents other than water a single generalizatioa 
under wMoh individual results may be brought is still lacking, it 
ia, nevertheless, important to oonnder some of the indiridoal results 
themselves. A summary (^ such results compiled by Walden* is 
therefore presented here. 

The solvents which have been most frequently investigated 
belong to the alcohol class and are given in the following table : — 

BoLTBn Foimru 

Trimethyl wrblnoL, (CB«)|C0H 

Isoamj'l alcohol, CfHuOH 

Olyoerine, CiHi(OIl)i 

Ben^l KlcohoL, C«H|CHtOH 



The conductivity of solutions of a large number of salts (inolad- 
ing others besides those of the alkalies), acids, and bases have been 
determined. In the case of methyl and of ethyl alcohol, the disso- 
ciation constant of many s^ts were determined both by the boilings 
point and by the conductivity method, without, however, obtaining 
anything like a satisfactory agreement According to the results 
obtained by the former method, the molecular weight of the salts 
decreases with increasing dilution. It was not possible, however, 
to obtain a dissociation constant independent of the dilution, either 
in the case of these or of other alcohol solvents. It is a remarkable 
tact that only in the case of solutions of triohloraoetio acid has th« 
dilution law been found to hold. 

1 W. Blltx, Zuehr. pkti. Chen^ 40, 186 <10IR). 

* ZUelir. jAgt. C\em., », 108 (\fX»). An extenrive Hit of TofenneM to U» 
UtaiMitte of (iM labjeot la >1k> given. 



BoLTun 


Pownjii 


Mrthyl aleohol. 


CH,OH 


Ethyl alcobol. 


CH,OH 


Propyl alcohol, 


CHtOH 




CiHtOH 


iKbutyl slGohol, 


C^H^H 
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Of the aoids, the f ollowisig have been osed as ionlzmg s 

Acetic acid, Bntyrio acid, 

Fotmio add. Benzoic acid (fosed), 

Propionic acid, o-Nitrobenzoic acid (fnsed). 

With the solvent formic acid, the following ralaes were obtained 
»t25":— 

^ (for KCl) - 60^ i ft. (for NaCl) = 4T.6. 

A considerable difference was fonnd between the dissociation values 
obtained by tlie freezing-point method and those obtained hj the 
conductivity method. The dilation law does not hold for theae 
solutions. 

Siune of the nitriles are excellent ionizers; namely, the f (blowing 
lower members : — 

Aceto-nitrilfl, Bniyro-nittdle, 

Propio-nitrile, Benzo-nitrile. 

In aoeto-nitrile, silver nitrate possesses an abnormally smtUI moleen- 
lar we^ht corresponding to electrolytic dissociation ; in benzo-nitrile 
it possesses an abnormally la^e molecular weight, indicating the 
existence of polymerization. 

Of the ketone solvents, acetone is the moat interestii^. The 
equivalent conductance of binary salts dissolved in it increases con- 
siderably with increasing dilution, without, however, attainii^ a 
maximum value. In this case also the dilution law does not holil 

Of the other groups of cranio compounds which have been in- 
vestigated, the following may be mentioned : — 

Aldehydes, Nitrogen bases (pyridene), 

Esters, Kitro-componnds, 

Ethers, HydnM»rbons. 

It has already been shown that water possesses a oondnctirity of 
its own. Do other pore solvents, organic and inorganic, also con- 
duct the electric current ? It has been found that the conducting 
of most of the good ionizing solvents (SO^^ SOn NB« AsGl,), be 
they organic oi inorganic, is of the same order of magnitude aa that 
of water, varying between the limits, 

Sb-^I-IO-' to 6.10-*- 

Verert^ieless, some solvents have been found which possess lii^ ooifr 
duotivities, as will be evident &om the following table : — 
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Form-Mmlde, 
Aeet-amide, 
Acetyl WMtone 
Formic ftoid. 



4.7 -ID-* (Zfi") 
29.10-* (81") 
1.9-10-* CUT) 
1.6.10-»(8.6'^ 



NHilouid (uili7<lrmu),l£3fi ■ 10-*(0°) 
SoUnilo add (■nhydiona), 

1000 ■ 10-* (appntt.) (86^ 
Antimony triehlotlde, ll.T-10-*(80^ 



These coadnctiritieB approach those of typical electrolytes. 

There are other solrents which posseas no conductirity even 
vhen salts or acids are diasolTOd in them. Such solvents are FBri, 
SnClf, 8bGl«, SiCl« and bromine. 

It is interesting to note that the comlnctiTity of pore organie 
(also of liquid, i.e. fused, inoi^anic) substances has been shown to 
be dependent on the constitution of the substance in question. The 
first member of homologous series possesses the highest value, 
which is decreased with each successire introduction of a CHrgroup. 
Substances containing OH- or GO-groups give the highest values of z. 

If we hold to the dissociation theory, we must assume that all 
substances which conduct electricity electrolytically are ionized. In 
regard to the nature of this ionization, we can only surmise. 

It is a remarkable fact, finally, that iodine, IBr, IGl, and IC1|, 
when dissolved in SO|CIi conduct the electric current 

According to Thomson and Nemst ' there exists a relation between 
the dielectric constant and the dissociating power of a liquid. In 
order to facilitate the understanding of this relation a few illustra- 
tions relating to the dielectric constant JTd and its determinatim 
will be given. 

Besides the galvanic conductance, there is alao a second oonstanfe 
by which the ^ectrioal behavior of a body is characterized. Thia 
constant is of great importance in the case of just those substaneea 
which conduct electricity galvanically very little or not at all, iA 
the aocalled insulators or dielectrics. The dielectric constant, Ko, 
of a substance is proportional to the capacity of a condenser the 
insolating layer, or dielectnun, of which is this substance. If the 
capacii? of the condenser in ur is represented by it (although usually 
placed equal to unity) and its capacity in the medium in question 
by kj, then the value of the dielectric constant ia given by the 
equation. 



The dielectric constant may also be defined as the fiuitor which 

gives the decrease in the electrostatic attracticai between two 

> Ztocftr. i>\ifi. Chewi, IS, 6S1 0>M). 
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dharged spheres whes tlie latter, while maintained at a constant 
distance from each other, are transferred from a space filled with 
ait to one filled with the non-condncting medium being investigated. 
A method for the determination of this oonstant irhich is very 
often used is that known as the Nemst Method.* It will be briefly 



Starting with the apparatus used in the Kohlransch method for 
the determination of electrioal condoctivity as shown in Figure 29 
and replacing the two resistances, the known and the unknown, ia 
the Wheatstone bridge by two oondenseis, an apparatus is obtained 
with which, as had already been shown by Palaz, the capacities of 
the two condensers may easily be obtuned in case the dielectrics are 
good insulators. The minimum sound is heard in the teleph<me 
only when the following relation obtains (see also page 104) : — 

If the resistance Bi is made equal to the resistance Bt, the two 
condensers placed in air and one of them k^ varied in a known 
manner until, at a value jfcj', a minimum tone is heard in the tele- 
phone, then the capacities of the two condensers are equal. If now 
the dilelectmm to be invest^ted be inserted in the condenser kf, and 
the condenser A, be again varied until the point of minimum tone 
in the telephone is obtained at the value jt", the dielectric constant 
of the substance JTb is given by the equation, 

When there ia bad insulation in the condenser, no minimum soond 
is heard in the telephone, and the measurement of the dielectric 
constant cannot be carried out directly by the above method. It 
can, however, be determined If an auxiliary circuit be introduced, 
giving the other condenser a suitable conductance. In this case, 
a minimum tone is heard in the telephone when both the capacities 
and the conductances of the two condensers are equal. By means 
of this artifice, it is at once evident that it is possible, not only to 
determine the dielectric oonstant of substances which conduct gal- 
▼anically, but also to determine at the same time the magnitude of 
the galvanic conductance. 

The principle first stated by Hemst, expressing the relatitm 
between the dielectric oonstant and the dissooiating power td a 
ulTent, may be stated as follows : — 

> Zuehr.pkgt. CkM., 14, SM OWi). 
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TTie greater tt«- dielectric capacity of a golvetU, the greater U the 
degree of electrolytic diaaoeiation of avbatancea ditadlved in it, when the 
conditions are otherurim the aame. 

The foUowing coBsideratioD will make thia principle clearer: 
The positirelf and negatively t&arged ions would onite to form 
electrically neutral molecules because of the electroatatic attraction 
vhich exiBta between them, if it vere not for the action of another 
and opposing force the nature of which is ae yet unknown. The 
equilibrium between these two forces gires rise to the eqnilibrium 
between the ions and the undissociated molecules, or determines the 
degree of disBOciatioo. When the dielectric constant is increased, 
the electrostatic attraction between the ions is alone weakened, and 
hence the d^ree of dissociation is increased. 

As will at onoe be seen, the principle stated by ITemst is well 
enbatantiated 1^ the very recent measurements made by Walden.* 
Since a number of other interesting relations are furnished by these 
results, they wilt be considered somewhat in detail. 

Walden determined the dissociating power of half a hundred sol- 
vents by dissolving in them one and the same binary salt, tetraethyl 
ammonium iodide, N(CtH()|I,' measuring the value of £ over wide 
limits of dilution and, by calculation, extrapolating for the value of k_. 
In this manner he was able to calculate for the different solventa 
the value of the dissociation, — 



lAiob, for eqnal dilutions, is a measure cA the dissociating power. 
He used the values so obtuned in order to throw light on ih* in- 
fluence of chemical constitution on the dissociating power of various 
solvents, and foand that the dissociating power is increased by the 
introductioQ of — 

a. Oxygen-containing radicals, each as the oarboxyl, hydroxyl, 
keto, and aldehyde groups ; 

b. Nitrogen* and 8alfur-c<Hitaiiiing radicals, such as the cyanide, 
sulf ooyanate, isosnlfooyanate, nitro, and sulf o groups ; and 

e. Oxygen in ring compounds, and amido groups in acid amides. 

The values of x referred to a volume of 1000 liters is given in the 
following table in the order irf the relative ctissociatiiig power for 
various groups combined with the methyl group. 

> Zt$ehr. phyt. Ohem., H, 189 (l^M). 

■ For iiiolecalar wei^t d«Mniiinadons tot tUi salt la varkiu nlvnitt aM 
Zttehr. phyt. Chem., U, 2S1 (IMS). 
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»x„ 


Fo»^ 


>(%) 


Aeettoactd 

AcetoiiA 

Hetli7l fmoUocjuMe .... 

Aeel^deh7d« 

Methyl Alcohol 

HMhj't OTOohie 


CHcCOOH 

CH,.COCT 

CH,-COCH, 

CH,.NCM 

CH,-COH 

CH.-OH 

CH,.8CN 

CH,.CN 

CH,.NO, 


7 
TS 
74 
77 
U 
BB 
80 
90 
OS 



A Btady of tbe homologous series of otganic oompoands has 
shown that, as the cacbtm content incieases, the dissociatiug power 
decreases with greater or lees rapidity in much the same way as in 
the case of the electrical conductance of the solvent. 

We may now proceed further to the relation between the dis- 
sociating power and other physical properties, especially that of 
association. According to the assertions of some investigators a 
proportionality shoold exist here, and, moreover, the valne of £_ 
should depend on the degree of association. Bat if the associatioo 
factors of Ramsay and Shields be accepted, then it follows that both 
of these assertions are untenable. The comparison of the dis- 
sociatii^ powers of various solvents with their dielectric constants 
has, however, resulted in the discovery of an important geneial- 
ization. It has been found that a direct pamUelism exists between 
the diBtOCiaiing power and the di^ctric txmstanta of aiAvents, com- 
pletely confirming the principle put forward by Nemst. This will 
be at once evident from the results given in the table on the next page. 

This table gives an interesting survey of the mi^nitude of ft. for 
the various solvents. It will be seen that it varies from 8 to 225, 
the value for water, 112, oocapying a middle position. From this 
fact it follows that it is inadmissible to draw a oonclasion, as often 
has been done, regarding the degree of dissociation from the valae of 
the equivalent oondactanoe alone. 

It is remarkable that in the case of several solvents the equivalent 
oondactanoe does not increase with increasing dilution, but, acoordii^ 
to the natnre of the solvent and of the electrolyte, in one case it de- 
oreaaes regularly, while in another it varies in a periodic manner, 
passing through one or more minima and maxima. These phe- 
nomena are explained on the assumption of chemical interacticai 
between the solvent and the electrolyte. 

In the case of the two solvents, acetonitrile and epiohlorhydrine^ 
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Dmsonio 



Wktw, B^ . 



L ffljiwlnltrile, HxCX)HCN 
I. EUtylene eyanhle, ((^[iCN)i 
I. intioaodlmetti7lNie . 
I. atnora aidduliTdrtde . 
L NUronetbaiH, CH(NOt 

'. Fnitmrol* 

I. LaeUnlttUe 

I. Aoatanitrile, C^CN . 

t. Hstfayl thlocyuiat*, C^ 

1. Olycol, ^JB^Bit . . ■ 

I. NltrobanESH, CANOi 

I. Hrthyl alcohol, CHtOH 

I. QranaoetoinMhjltater 

i. ProidonltrUe, CACN . 

L Ethyl tUooyanate, CiHiSCN 

'. CyuuceloethylsBtei . 

I. BeDEODitrile, CaHiCN 

I. Bplchloihydrliic 

I. Ethyl BmloDe ' , 

;. Btb^l aloohol . . 

I. AcetaMehyde. . 

I. Acetone ..... 

\. Hethyl Uothtoeyanate 

1. Ethyl Isothlocyanate 

1. Propionaldebyde . . . 

'. Aeetlc add anbydtide 

I. Benzaldehyde. . 

). Benzyl cyanide 

>. Acetyl biomlde . 



. Ace^l ohforlde 

. SaUoylaldehyds 

. iBobatyrlc add anhydride 

. lliloacetlc acid 

. Beimel antic acid ester . 

. Halonlc add dimethyl Mtei 

. bovaleiic aldehyde 



». Acetic add . 



B(U(60°>90 96 



3S.S-2T.2 

Z6.S-31.a 

ae.3-3e.T 



2B.1-36.0 
111.7-27.4 
ZB.&-21.1 
aO.7-31.9. 
17.9-19.7 
19.4-22.0 
14.4-10 



180(0°)i 
S26 



17.9 



73 78 

74 79 
73 78 
76 - 81 

46 72 79 |0.< 



. Dimethyl enlflde, (CHt)tB 
.. Ethyl meieaptan, C,H,BH 
\. Aldozime, CH/^HNOH . . 
I. Tetranitrometliane .... 

r. Dimethyl Holfate 

I. Diethyl iDlfate 

I. Aijm. Diethyl salflta, 

CA80» 

'. Ethyl nitrate 

I. 8ym. Diethyl nlflte, 

80(0CA)« 
\. TMmethyl borate 



IX022M.0319 

D.02S 

0X1149-0.0144 

0.041 -0.044 

0.O182-O.O138 

DX)912-O.0aM 

O.0a03-O.032i 

0A1O3 

0X1148 

3 -OSM 
Q.02B4-O.09t» 

a.oi£i-o.oiBe 

0.048^0.0137 

0X1109-0.0112 

O.01»-0.0144 

0.0393 

0XI22T-O.0331 

0.O16S-O.O209 

0.01T2 

0.0230-0.0224 

0.0082-0.0068 

D.0062-0.0090 

OXIlOl-0.011 

0X1134-0.0130 

(oxioei-aoii) 

D.0171-0.0177 
0X1307-0.0224 
0.028 -0X>B1 

oxnee 

0X)63-O.Oni 
-0.0088 
OXMffT 
0X118 
0.0138 
0.086 -0.097 



9.024 -0X)26 



68<73) 67C78)|0. 

SO 01 
{« {MO 
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in whioli a oonsidenble number of electxolTtes have been inveati- 
gated, it has been found that the lav of the independent migration 
of ions (Eohlrausch's lav) is valid. 

From a farther consideration of the values of ^ given in the 
table it is evident that there also exists a certain relationship be- 
tveen them and the chemical constitution of the solvent. For 
example, in homologous series the value decreases vith increasing 
oaibon content. A. relationship betveen the value of ^ and the 
physical properties of the solvent has not been found. On the 
other hand, it has been found that the product of |^, the equiva- 
lent oondnctance at 26*, and the temperature coefBeient for the con- 
ductance of very dilute salt solatatms varies about the same value in 
the case irf solutions differing videly from each other. Otherwise 



^ . A,k(0°-26°) « 1.30 (approx.), 
where A.k(0"-25°) = ^ • '^"^ ■ 

The variation from the value 1.30 is considerable only in tiie case 
of a few substaooes. 

There is also a numerical relationship between the dielectric con- 
stants and the dilutions in various solvents which give the same de- 
gree of dissociation. The relation, 

Kj, VD =-K'oVD'= K"aVD" — = Constant, 

where K„ K'„K\ represent the dielectric constants of the individual 
solvents and D, If, D", the corresponding dilutions at which the value 
of the degree of dissociation is the same. 

From the table' on the next page it may be seen, further, dmt the 
dielectric constant, and therefore also the dissociating power, is re- 
lated to various other properties of the solvent. 

As the value of the dielectric constant Kg decreases, it is seen 
that the values of the latent heat of vaporization ff,^, of the abso- 
lute eonductanoe of heat K^, and of the critical pressure P,^ also 
decrease, while the values of the van der Waal constant a and of the 
molecular volume at the boiling point F*. increase. There is not, 
however, a strict proportionality. - 

At this point it should be mentioned that Euler* has noticed that 
the dielectric constants of solutions increase vith their ion content 
It has, for instance, been shown that the dielectric constant for 
> ZtteAr. phyt. Ghent., 4S, 172 (1903). 
* HM^ M, fllS (1899). 
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■wabbT is inoreued by the additi<Hi at a Bait to it. It is ' lOesible 
that this fact, erea if not aloofl, plays a part in the deTlatitni of 
stnmg eleotrolyteafnHtithe dilation lav (see page 126), for natnially 
the lav oaa tmly hold as long aa the nature of the solrent remains 





1 


II 


lU 


IV 


T 


Tl 


BobTDT 


Xb 


1^. 


- 


F, 


^•r*. 


'k 






81 .7 
88.6 
21.7 
13.3 

57.0 

e.& 

IS 

<I0.6 

9.17 

K.46 

H 

S0.7 
17.8 

8.87 
8.87 
6.86 
2.20 
2.81 
4.36 
4.96 
2.13 
S.2 


686.6 
207.6 
206 
IM 

10S.7 
89.6 

829 

92.6 
126.8 

116.1 
99.S 
86.7 
98.6 
B3.fl 
84.6 
6B.6 
46.S6 
80.68 


6.77 
9.63 
16.29 
16.^ 

17.flO 

4.01 
7.40 
9.44 
18.7 

a.«i 

11.06 

11.86 
16.68 
20.47 
18.88 
2*08 
17.44 
14.71 
19.20 
26.94 


18.9 
42.8 
68.8 
81.8 

41.1 
MS 

86.8 

(aorm*]) 

i3.« 
77.1 

02.7 
64.7 

ioe.0 

96.2 
118.8 
106.4 

84.6 
108.7 
131.1 


aoo 

79 

82.6 

60.2 

67.1 

116 
72 
60 
60 

79 

60 

69.26 
46.83 
38.00 
47.9 
41.6 
86.61 
£6.0 
46.0 
37.0 




HetbTl kloolKd 
■0171 alcohol . . 
Propyl kloottol . . 

FonnloKtd . . 
Aoetiawid . . . 

Ammfnlt . . . 
Helltyl tunine . . 
Btbyl amine . . 
tPropyl amiM . 

Sulfur dioxide 








0.0496 
0.0488 
0.0878 

0.0648 
0.0478 


Methyl-rthyl ketone 

Formlo methyl «Mer 
Fonnlo ethyl tater 
Aoetic ethyl eeter 






0,0878 
0.OS48 


















Chloroform . . 






0.0288 
0.0262 



The Internal Friction and Condnctanoe of Organic SolTonti. — 
With the aid of his comprehensiTe series of meaaniements, which 
hare already been mentioned, and also of new determinations of 
friction coefficients of a large nnmber of organio solrente, Walden* 
has been able to find the relation which exists between the internal 
friction of a dilute solution of the "normal electrolyte" N(GiH«)4l 
and the electrical condQctanoe s.. He found, moteorer, that the 
1 Zudtr. pKt§. CActM., 66, 207 (1006). 
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intflmal fiictioti of dilute solatdons and of the 8ol7ent are pcacticaUy 
identioal. Hence in tlie couaideiations wfaich are to follow thia one 
Taloe/wai be naed. 

Walden found the following regularities : — 

(a) Both Uie internal friction and the conductance are dependmt 
on the nature of the solvent 

(6) The smaller the friction, the greater is the Talne of Sb> '"^ 
oouTersely. From this fact the relationship between the internal 
friction and the migration Telooit; of the ions, N(C,Hi)«' and I', ia 
eyident. 

(c) The limiting value s*^. is inversely proportional to the corr^ 
spocding friction coefficients at 26° t, aocoidii^ to the equation, 

vt, in general, aooordii^ to the equation, 

This constant varies about the value 0.700, between the limits 0.64 
and 0.71. 

WUh the uae of one cmd tke same electrolyte, it vxu found that for tdl 
ofOie thirty lolventa which were investigated the product of the intfmai 
faction and the limiting vahie of the eqwivaient conductance toas the 
tame, tUthmtgh tite individval limiting valves varied from obouf 8 to 226. 

With the aid of the relation, 

it is possible to obtain the limitii^ value of the conductance of the 
"normal electrolyte" in the solvent under consideration from the 
value of the internal friction. 

Finally, if the temperature coefficients of friction and of conduc- 
tance be compared, a striking agreement is found, and considering 
the sources of error involved, it may be said with great probability 
that /or one and the satne solvent the two coeffidenta are identicai. 

From this result it would be expected that the above relation 
between friction and conductance which holds at 26° would also 
hold at other temperatures. As a matter of fact it has been found 
that at 0° 

tfi; -/^ = Const =0.700. 

It therefore follows that 

at -/t-St-/: =0.700. 
Hence the following general statement may be made : — 
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WUh Ae tue of one and the aame eledTOlifte KCCA) J the prod- 
net of the intemal fiiction and the limiting vatve of the equivalent 
eondtutanee ie ind^>endent of the nature of the solvent and of the 
ternperatuTe in the caae of organic solvento. 

Id order to explain tlLBse intorestitig relatione, we may assume, 
aa did Kohlrausch in the case of aqueona solutions, that the migrat- 
ing ion is associated with a large nnmber of molecnles of the solvent, 
and oonsegnently in its forward motion enooonters a friction which 
is identical with the intemal friction of the solvent. It is then clear 
that the temperature coefficient of the limiting value of the con- 
ductance and that of the intemal friction must become identical. 

The ZlMtrical Condootanae of Baits in tha Fuied and Scdid 
States. — The subetances which conduct the electric current freely 
in the state of fusion are chiefly salts and bases, such as silver 
chloride and caustic soda. Their conductance can he determined by 
the method UBed by Poincar^, by using silver electrodes and adding 
a trace of a silver salt with the same anion as that of the salt being 
inrestigated in order to avoid polarization. By this method the 
measurement can be carried out as in the case of oondnctors of 
the first class. The order of magnitude of the equivalent condno- 
tanoe of fused salts is shown by the values, expressed in reciprocal 
<dunB, contained in the following table : — 



Bum 


Tupuinm 




KNO, 


860° 


44.0 


HMSOt 


860" 


68.0 


AgHO. 


8fi0° 


60.9 


KCI 


760° 


flO.6 


N»a 


760° 


186.8 



In order to compare these values with those obtained for salts in 
dilute aqueous solutions, it will be recalled that the equivalent 
conductance of a fiftieth normal solution of potassium chloride at 
18° is equal to 119.96 reciprocal ohms. 

The results thus far obtained in the case of mixtures of fused 
salts show that their conductance is approximately equal to the sum 
of tha conductances of the constituent salts. 

Not only above the melting point, but also below it, many salts 
conduct the electric current readily. Oraetz has investigated the 
conductance of salts about the melting point, and has found that no 
considerable sudden change in the conductance occurs as the melting 
pcdnt is passed. On the other hand, the temperature coefficient (^ 
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the oonduetaaee leaches a maximum value in the Tioiuit; of the 
melting point. 

It is a noteworthy fact that, at lover temperatnrea (10* to 180^, 
according to the invest^tion of Fritsch/ the addition of a small 
quantity of a salt to a large quantity of another salt ia, in many eases, 
accompanied by a great increase in the conductance of the latter salt. 
This is a strikii^ analogy to the beharior of liquid solutions, justify- 
ing the assumption that the one salt exists in solid solution in the other. 

The same phenomenon was observed by Nemet* in the case of 
the solid oxides such as magnesium oxide, and it ia upon this phe- 
nomenoD that the Nerast incandescent lamp is based. While tiie 
ctmductance of the pure oxides increases but slowly with the tem- 
perature and remains comparatively small, that of a mixture of the 
oxides increases rapidly, attainii^ finally an enormous value. For 
example, values have been observed which were about six times as 
great as that of the best conducting sulfuric acid solution at 18*. 

The fact that glasses also conduct the electric current electrolyti- 
oally, or, in other worde, through the migration of ions, was shown 
to be very probable by the pretty experiment made by Warburg in 
the year 1884. He used a piece of glass, one end of Which was 
dipped in sodium amalgam and the other Into mercury, as the elec- 
trolyte, through which he passed an electric current from the amal- 
gam as anode to the mercury as cathode. After the electricity 
had passed for some time he found a quantity of sodium equiva- 
lent to it in the mercury. Since during the experiment the glass 
remained clear and constant in weight, it must be concluded that 
the electricity was conducted almost entirely by means of sodium 
ions, or, in other words, the migration velocity of the anion, perhaps 
SiOa", is extremely small.* 

Unipolar Condnction. — It was already observed by £rmann about 
aoB hundred years ago that, when the two poles of a galvanic cell 
are inserted into a well-dried piece of soap, no appreciable ooatiou- 
ons current passes through the circuit ; and, further, that when one 
hand is brought into contact with the positive pole and the m<nst- 
ened other hand is pressed upon the soap, an electric shock is 
received. This latter phenomenon is not observed if, instead of 
the positive, the negative pole is touched by the hand. From these 

> Wied. Ann., 60, 300 (1697). 

) ZUehr. EkttToehen., 6, 41 (18M); sm also B. Boh, Drtide'i Aim., 9, lU 
CU»*). 

■ Turther pamcnlara regarding the conductivity of fused wits may be found 
tn the book of Lorens, Die BUktrolfie gatehmolxen«r Sals^ 1906, W. Kn^tp, 
Halle, Btxoia. 
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facts, as well as from electrosoopio experiments irhioli hare beea 
made, it is to be coueladed that, whereas the electric oarrent may 
flow nohiodeted from the negative electrode into the soap, it cannot 
do so from the poaitive pole, but, apon attaching an anxiliary circuit, 
anch as that from hand to hand, it most flow exolustTely through 
thia circuit. The soap was called by Ennann a unipolar conductor. 

The phenomenon of onipolar conduction was explained by Ohm 
by assuming that electrolysis takes place in the soap the moment it 
is connected with the poles of the cell, by which alkali is separated 
at the n^ative, and the fatty acid at the positive, electrode. The 
fat^ acid is, howerer, a nouoonductor, and therefore prevents more 
or less completely the passage of electric current according to the 
water content of the soap. 

Similar observaticms may be made in the case of the electrolysis 
of solutions whenever a poor oondncting substance is formed at, and 
adheres to, one of the electrodes. Very recently this has been util- 
ized in a very interesting manner in transforming an alternating 
into a direct current. 

If aluminium be used as an anode in a solution of alkali phosphate, 
or of alkali salts of the fatty acids, and any other metal as a cathode, 
B poor ooadaeting alnminium compound is formed on the surface of 
the aluminium, which prevents the passage of an electric current, 
even when a potential-difference of 200 volts is applied at the elec- 
trodes. When now the two electrodes are connected with the termi- 
nals of a circuit carrying an alternating current, only the current in 
one direction is allowed to pass. The alternating is thus trans- 
formed into direct current. This application of unipolar conduction 
will, however, scarcely become of practical importance. 

It appears doubtful that, in the case of the above aluminium cell, 
tiie whole action can be explained by the fact that a relatively thick 
layer of great resistance is formed at the anode. It is more probable 
that a thin dielectmm of sli^t conductance is formed at the elec< 
trode, thus forming a powerful acting condenser in the circuit. 

Teohnioal Bnportanoe of Eleotrieal Conductivity. — A knowledge 
of the conductivity of various solutions (and of fused salts) under the 
most varied conditions is essential to the rational management of an 
electrolytic industry, for it should always be the aim to work with 
the best possible conducting solutions. Thiis, if other circumstances 
do not prevent it, a solution of potassium chloride is always to be 
preferred to a solution of sodium chloride of the same molar con- 
centration. Furthermore, it is always preferable to carry ont an 
eleetrolytic process at a high temperature, if the cost of heatii^ 
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does not exceed the aavitig in electrioal ene^y due to the inorease 
in ctmdoctivity. Sinoe very often the couoentration can be chosen 
at will inside of wide limits withoat injury to the process, that oon- 
oentration ahoold, in such cases, be ohosen which has the gieateat 
specific condvetanee. In this connection it should be remembered 
that, in the case of electrolytes which are very soluble in water, 
the specific conductance, or conductirity, in contrast with the 
eguiTslent conductance, at first increases and then decreases with 
increasing concentration. This is shown by the results for solforio 
add at 18°, given in the following table : — 







90 


0.6627 


36 


0.7171 


SO 


0.7388 


86 


0.7313 


W 


0.6800 


70 


0.2167 



Hence, whenever solfuric acid is used as an electrolyte, as, for 
example, in the case of the electrolytic regeneration of chromic 
acid where only about 100 grams of chromic oxide as an acid 
salt in sulfuric acid is contained in one liter of solution, the con- 
ductance is increaseil by the addition of an electrolyte, which is 
without injury to the process. In the above chromic acid process 
sulfuric acid serves as such an electrolyte, enough being added to 
increase the specific conductance of the mixed electrolytes to its 
maximum valae. Yery often it is necessary for the electro-chemist 
to make his own measurements, in order to find the best proportions 
of electrolytes to use in a given case. 

The investigation of the cause of benzene confiagrations ' has 
shown that the practical application of electrical conductance to 
poor conductors may give rise to great fire danger. The electro- 
static charges generated by friction are prevented from being con- 
ducted away rapidly enough by the poor conductance of the pure 
benzene. This leads to the formation of electric sparks, which, of 
course, may easily cause explosions. An addition to the benzene 
of a small quantity of a magnesium salt of a fatty acid increases 
the conductance suflBciently to prevent the formation of the sparks. 

The conflagrations which suddenly break ont during work with 
other poor oondnoting organic liquids, such as acetone, ether, etc., 
may be explained in the same manner. 

1 Jiut, ZUcAr. Eldctroehem., 10, 202 (lOCM). 



CHAPTER VI 



Ab eatly as the year 1807 BeuBS observed that, dnring the elec- 
trolysis of water contained in a vessel vhich was divided into an 
anode and a cathode section by a capillary, or a system of capillaries 
sach as a porous diaphragm, the water was carried by the corrent from 
the former to the latter section. In the caee of the better conductii^ 
solutioDB, this phenomenon, or electrical endoamose, is not very 
pronouuced. 

Later on, Quincke and G. Wiedemann carried out further experi- 
ments in this direction. The following statement was found by 
Wiedemann to express the laws of electrical endoemose for a ^ven 

The quaiUity of a given liquid carried through a j 
in a definite time varies directly toitA the current j 
independent of the area or thicknesB of the diaphragm. ^ 

In 1809 Beuss observed that suspended particle' 
etc., are migrated nnder the influence of a fall in potentiaL When 
snspended in water, they are m^prated toward the anode. Becently 
sach migrataoQS in the case of the so-called ooUoidal solutions have 
been closely studied. This has led to the recognition of two classes 
of colloids, namely, positive and negative colloids. The positive 
colloids, such as gold, platinum, cadminm, antimony, arsenic sulfide, 
molybdinum blue, indigo, etc., migrate toward the anode, while the 
negative colloids, snoh as ferric hydroxide, aluminium hydroxide, 
chromiuin hydroxide, hemoglobin, methyl violet, etc., migrate 
toward the cathode. The behavior of auspensions of nickel, zinc, 
and copper oxide is more complicated. In these cases, the addition 
of small qoantities of foreign material, such as traces of alkali or 
of acid, dianges the direction of migration. 

It is interesting to note that a difference between positive and 
negative colloids also appears in the ease of their precipitation. The 
positive colloids are more easily precipitated by means of NaOH, 
while the negative are more easily precipitated by HCL The former 
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are also precipitated by the jS-radium rays, which contain n^ativs 
electrons, while the latter are not. Finally, if the two kinds of col- 
loids are brought together, they precipitate each other. It is a 
peculiar fact, however, that this precipitation does not take place if 
the two colloids are not brought blether in certain proportions.' 

It is evident from the above experiments that the electric current 
exerts a force in a certain direction, not only upon ions, But also upon 
other movable bodies of matter. This may, in all cases, beezplained 
by the assumption of the presence of an electrical charge upon the 
portion of matter in question. The probability that this assumption 
is correct is greatly increased by the deductions of Helmholtz. He 
reasoned that at the surfaces of contact of two dissimilar media, for 
instance the contact surface of water and glass, an electrical charge 
or double layer must form. The existence of such a double layer 
seems comprehensible from the results of experiments on the for- 
mation of contact or frictional electricity. If now a potential-fall is 
produced in a liquid by the passage of an electric current through it, 
then the positive part of the double layer is attracted by the negative, 
and the negative part by the positive, pole. Thereby a displacement 
of the two layers takes place, resulting, when the force of the current 
is sufficiently great, in the migration phenomenon noted abova The 
movable liquid layer, according as it is charged positively or nega- 
tively, migrates toward the cathode or anode, respectively, and by 
means of friction carries with it the neighboring liquid or in case 
the migration takes place in capillaries, the entire liquid. The dis- 
rupted double-layer gradually beoomes neutral by conduction, form- 
ii^ a new double-layer, aud the process goes on again. By means of 
a suitable pressure, moreover, as much liquid may be forced back 
through the center of the tube as is brought up by the electrcic cur- 
rent along the walls of the tube, thus establishing a stationary state. 
Conversely, if by means of a powerful pressure the liquid be forced 
through a capillary tube so that the charged liquid forming a part 
of the double layer is forced along the wall of the tube tt^ther with 
the current of liquid in the middle of the tube, an electric current 
is produced. The arrangement is entirely analogous to the ordinary 
electric machine, with only this diiference, that whereas in the 
former case a liquid rubs past a solid, in the electric machine a solid 
rubs past a solid. 

This explanation is naturally directly applicable to the migration 

of suspended particles. These particles take the place of the glass 

▼all and, being movable, migrate, in the opposite direction from the 

1 BUta, Ber., S7, 1066 (IGH). 
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water, to the anode.' The queetion anses as to what other properties 
may be connected with this phenomenon. If now another liquid 
be substituted for water, a change will be observed. When turpen- 
tane, for example, is substituted, it migrates to the anode, while the 
suspended particles migrate to the cathode. Coehn gives the fol- 
lowing answer to the above question,' which he has confirmed by 
many experiuents : IJ two avbatances are brotight into contact wUh 
each other, thai one possessing the higher dielectric constant wiU become 
%)ontivdy enlarged. It has already been stated that water possesses a 
very high dielectric constant. This fact then furnishes a ready 
explanation for the migration of water, in moat cases, to the cathode. 

The technical application of the phenomenon of electrical endos- 
moee has recently been undertaken.' If a vessel, the opposite sides 
of which are formed of perforated pieces of metal serving as elec- 
trodes, be filled with a quantity of wet turf, and as electric current 
be passed through it, water bubbles ont of the perforations in the 
side forming the cathode. This is a striking lectnre experiment. The 
turf itself which becomes driedacts as a diaphragm, while the water is 
carried to the cathode, where it flows off. In a similar manner it was 
endeavored to extract the sap from sugar beets, and to accumulate it 
about the cathode, preparatory to the crystallization of the sugar. 
It is not at present known, however, whether or not the extensive 
experiments have shown the process to be of commercial value. 

In the electrical tanning process, electrical endosmose appears 
also to play a leading r&le, by forcing the tanning liquids quickly 
into the pores of the hides. 

An observation of Brann is closely related to electrical endosmose. 
He observed that when a salt solution separated into two portions 
by oapUlariea is eleotrolyzed, a deposition of metal takes place in 
the capillaries. This phenomenon is called eIectro«(enoZy«ig. Capil- 
laries, most suitable for demonstration purposes, maybe prepared by 
dipping the hot closed vaA of a glass tube into cold water. This 
end is then pierced by numberless fine cracks. If now a solution 
and one electrode be placed in this tube, and the tube be placed in a 
beaker also containing solution and the other electrode, the desired 
apparatus is obtained. 

Electro-stenolysis has also been explained by Coehn.* It has 

1 Another theory hu been ■dvanoed by BUllMr, ZtMAr. pAyt. Chen., tt, 
tm (1906). 

* WUd. Ann., 61, 217 (1808;. 

■ Oerman Fatenta 124509, 124610, 128086. 

*ZUehT.mektroiAtm.,A, Ml (1608); Zttdkr. ftngs, (Asm., SI, 061 (1896). 
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already bem noted that vith a suffloiently gtoai potential-Mi^ • 
displacement of the positive water la^er takes place, leavii^ the 
g^ase vail of the oapillaiy negatively ohazged. If ooir positiveljr 
chafed metal ions are present in solution, they will be attracted to 
the wall of the capillary, and there disebarged aad deposited. To 
be sure, this deposition will be very slight since very large electrical 
charges are present on the ions. The metal layer deposited cannot 
in general be iuoreased by taking part in the oonduotioD, because 
one end then becomes an anode and loses as much metal as the 
other end gains as cathode. Under these circumstances, only a dis- 
placement of the layer in the direction of the cathode can take place. 
In those cases, however, in which the weight of the layer can in- 
crease by taking part in the conduction of eleotrioity, the trace of 
deposited metal increases and finally becomes visible. 
Such oases are the following ; — 

1. When the deposited metal is not oxidized at the anode, as, fw 
example, the platinum salts. 

2. When an insoluble eompoond is formed at the anode, espeoiaUj 
the peroxides. 

3. When, in the case of salts in the lower state of oxidation, the 
negative ion can react on the solution with the fonnation of a 
higher oxidized salt as in the case of a cuprous chloride solution. 
In this case the chlorine liberated oxidizes the salt to cuprio chloride. 

As a specially interesting result of the experiments substantiating 
these statements, it may be mentioned that solutions of cobalt salts^ 
which are weakly acid through hydrolysis, show stenolysis r^nlarly, 
while in the case of nickel salts no deposition of metal is visibla 
It was concluded from this fact, that of the two, only the cobalt 
salts form peroxides by electrolysis. Utilizing this fact, not only 
a simple uid certain qualitative test for oobalt in nickel solutions, 
but also a quantitative, although somewhat tedious, separatimi of 
the two metals is possible.' 

> ZUaHr. onorg. C&en., S», 9 (IMS). 



CHAPTER Vn 



HATHre dealt in the previous clusters especiaUr with the one 
factor of eleotrioal eneigy, the quantity of electrioity , the other 
factor, the electromotiTe foroe, will now be considered. 

The I)atarminatio& of ElMtromotiTa Foroe. — As already indicated 
in the introduction, the electromotive foroe of a cell m&j be deter" 
mined hj means of a delicate galvantnnetei thiongh an applioati«L 
of Ohm's law, 



when ^ ia made bo great that b*. a inoooaidnable in comparison 
with it. In this case, the deflectionB of the needle of the galvanom- 
eter caused hy two different cells suoooBsively introdaoed into the 
same circuit are to each other as the respective electromotiTe forces 
of the cells. If one of the two cells be a normal cell, the electro- 
motive foroe of the other cell is thus easily obtained directly in volts 
If the internal resistance has not been made negligible compared 
with the external, the electromotive force may still be determined 
hff reading the galvanometer deflections caused by the two cells, 
both connected in the same circuit, first in series and secondly ia 
iqtposition to each other. In this case we have the eqaatiKm, 



"c, 

in which Oi and o, are the carrents found in the two oases and 
T. and T, are the electromotive forces, respectively, of the unknown 
and of the normal cell. 

In more general use than the above method is that devised by 
Po^endorf and known as the compensation m^hod. By this method, 
Uie nnknown electromotive foroe is exactly compensated by a known 
■ 1«1 
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electromotiTe force. A diagr&m of a oonvenient form of appanttu 
for thifl method is shovn in Figare 33.' 



L-JML^y 



In the above figure, the line AO represents the meter vire of • 
Wheatstone bridge or of a drum, usually of about ten ohms resist- 
anee. The other parts are named in the figure. When the storage 
cell is in place, a current flows through the wire AC and there is a 
definite and uniform fall in potential between the points A and O. 
In order to obtain the value of this potential-fall, a carefully tested 
normal cell and an electrometer, galvanometer, or any other instro- 
ment which shows when no current is fiowit^ in a circuit are oon^ 
nected in an auxiliary oircuit as shown in the diagram, and the 
sliding contact B is moved until the electrometer indicates that no 
current is flowing in this circuit. The potential-fall between the 
points A and B is, then, equal to the known electromotive force of 
the normal cell. Since the fall in potential is uniform along the 
wire, the &11 per millimeter of the wire may then be calculated. 

The unknown electromotive force of any other cell may now be 
determined by substituting it for the normal cell and again moving 
the slidii^ contact until no current flows in the oircuit If the new 
. position of the sliding contact is B^, then the unknown electro- 
motive force is equal to the known potential-fall from the point A 
to the point ff. 

When the electromotive force of a cell is to be measured, that 
which it possesses on an open circuit is, in general, the valne 
desired, for the value which would be obtained while the cell is in 
action would be indefinite because of the change in the state of the 
electrodes or of the electrolyse which takes place. In the case of 
electrometric, and especially in the case of galvanometrtc,. meaa- 
orements, the conditions under which no current flows in the 

1 Foramondetid1eddeeoriptlmi.aeeOstwald-LnUier, Pktiiko-ehen^eke M«»- . 
tungan, page 367. For a. more senaltlva poteDtionieter bawd an the uune prin- 
eiplee, see Jlger, DU NormalelemenU (Wlhl Enftpp, Halle, Saxony, IMS). 
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mrcnit do not strictly prevail even vhen according to the electrom- 
eter, or other instrument, they should be fulfilled. This is due 
to the fact that every instrument consumes, at the expense of 
the soorce being measured, a oertiun quantity of electricity for 
its operation. It is necessaiy, therefore, to ascertain whether or 
not this quantity of eleotrioity is greater than aUowable, or in other 
words, whether or not the state of equilibrium actually measured is 
appreciably different from that which it is desired to measure. As 
a matter of fact, in the case of measurements made on gas and 
similar cells, a considerable error is frequently introduced becaase 
of failure to pay sufficient attention to the sensitiveness of the 
galvanometer or to the capacity of the electrometer. 

The following normal cells are those most generally used : ' — 

1. The so-ealled HeimhoUz caiomd ceU, which consists of 

'Zn - ZnCl, solution (sp. gr. 1.409 at 16°) ~ HgCl ~ Hg, 
This cell, when made in the prescribed manner, possesses an electro- 
motive force of one volt at about 16° *. The change of the electro- 
motive force is very small, being equal to -)- 0.00007 for a rise of one 
degree. 

2. The CSark ceB, which consists of 

Zn — ZnSO, paste - H^SO* paste - Hg. 

When made according to the specifications of the " Physikaliseh- 
Technischen Bcichsanstalt," it has an electromotive force of 

1.4328 - 0.00119 (i - 16) - 0.00007 (( - 16)* volts, 
. where t is its temperature. 

(3) 2^ Weston ot cadmium ceB, which consists of 

Cd (better a 10 to 15^ amalgam) — GdSO, paste — Hg^O^ paste - Hg. 

This cell, when made in the prescribed manner, has an electro- 
motive force of 

1.0186 - 0.000038 (( - 20) volts, 

and is preferable to the Clark cell, because its temperature coefBcient 
is nearly zero. 

For exact measurements it is recommended that normal cells be 
obtained from the "Tecfanischen Bcichsanstalt." The electro- 

1 For farther particulare, we Oetwold.Latber, I^yttko-eliemitetie Memmgen, 
I«ee 861 ; JSger, Zuchr. EMtroeAem., 8, 48fi ; and JHger, Die Ifom<UeteiiienU 
(WIU. Kiupp, Halle, Saxony, 1902}; Hulett, ZttAr. phgt. CJtem., i», 489 
<19M). 
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motiTe foioe of these oellB ia obtained from measaremeBta of rasist- 
anoe and current. 

BarerdU^ and Imrenibls Celli. — Any arrangement irhich, as a 
result of a chemical leaotion or of such physical processes as diffu- 
sion, etc., is capable of producing electrical energy is called a gal- 
vanic cell ; whether the reaction takes place between a liquid and a 
solid or between two liquids does not oome into consideration. Al 
cells, or, as they are also called, elements, may be divided into two 
classes, namely, into those which are nversibU and those which are 
irreveraibU. To the first class, for example, belongs the Daniell cell, 
which oonsiatB of 

Zn — ZnSO< solution — GuSO^ solution — Cu. 

The meaning of the term revers^iU cell may be made clearer by 
the following consideration : Let us consider, for example, a Daniell 
cell, the eleotromotire force of which is exactly compensated by 
another, oppositely directed, electromotive force. If tie latter be 
now slightly dimlniBhed, the cell at once becomes active, zinc goes 
into solution, and copper separates out. On the other band, if the 
compensating electromotive force be, instead, slightly increased, 
thus becoming slightly greater than that of the Daniell cell, copper 
dissolves, and the zinc deposits out of solution. Hence, if the con- 
dition of the cell is changed by a process like the former, this 
change may be exactly compensated and the original condition of 
the cell restored by a process like the latter, i.e. the cell is reversible. 
Of a reversible cell it is theoretically true that the maximum elec- 
trical energy which can be obtained through its action at constant 
temperature exactly suffices to bring it back to its former condition. 
This statement may also be taken as a definition of a reversible cell. 

As an example of an irreversible cell, that one discovered bj 
Volta which consists of 

Zinc — dilute sulfuric acid — silver 

may be given. When this cell is in operation, zinc dissolves, and 
hydn^en separates at the silver electrode and is lost. From this 
fact alone it i^ evident that the original condition cannot be restored 
by simply reversii^ the current On the contrary, in this case 
silver goes into the solution, and hydrogen separates at the zino 
electrode. 

It is oharaoteristia of reversible cells that, when l^e ourtent is not 
too great, the electromotive force which they possess immediately 
after being set into operation remains nearly constant as Icmg at 
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ihe material necessary for the clieinioal reaction is present On the 
other hand, the initial high electromotiTe force of an irreversible 
cell falls considerably, and reaches a nearly constant minimum only 
after some time. Hence the terms, mmrpolaTiaable and poUaizable, 
vhich are often applied to these two classes of cells. More definite 
information relating to diese phenomena will be given later, in the 
chapter on polarization. It may, however, be stated here that a 
metal which is not too positive, dipping into a solution which contains 
a sufficient number of its own ions (preferably a saturated solution 
in contact with some of the solid salt), forms, for ordinary current 
densities,' a non-polarimble electrode. In the case of the Daniel! 
cell both electrodes, and consequently the whole cell, is non- 
polarizable. 

Since at the present state of science the actions which take place 
in reversible cells may easily be comprehended, and even qnantita- 
tdvely followed, they may now be considered to advantage. 

Bdation betmen Chemioal and Eleotaioal Zurgy U — The ques- 
tdon now arises : How may the quantity of electrical energy which 
a cell is capable of producing be calculated from the chemioal 
energy expended, — or, more strictly speaking, — from the heat 
effects of the reactions taking place in the cell, since the latter 
atill constitute our measure of the chemical energy ? It has already 
been mentioned in the introduction that the assumption or^inally 
made by Helmholtz and William Thomson, that the quantities of 
beat involved are completely transformed into electrioaJ eneii^, is 
untenable. It is only in certain rare cases that this simple relaticm 
exists. About thirty years ago Oibbs, Braun, and Helmboltz suc- 
ceeded, by calculatiou, in fixing the real relations. 

The first law of energetics may be stated as follows : — 

Energy can neither bt created nor destroyed, and oataeqaenUy the 
total quantity of ervergy is a constant. 

This law says nothing about the possibility of transforming one 
energy form into another, and, indeed, from it alone it appears as 
if it would be possible to transform heat at constant temperature 
into work. If this were true, it would no longer be necessary to 
use expensive coal to furnish power to run our railroad trains, fur 
' the inexhaustible heat ene^y of the surroundings oonld be used 



cathode, the onnent dandty at the two deotrodM varies aeocodisg to tlw 
TCspeetlTe bIub of the «lMtrod««. It Is thenfon aaoal to itlsHngnlih an uiods 
and a cathode ooneat density. 
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instead. Aa a matter of fact, it has not been fotmd possible to 
obtun aach a form of perpetual motion, called perpetual motion of 
the second kind. This experience has reaolted in the formolation 
of the second lav of energetics, which excludes the unlimited traus- 
formability of the forms of energy. It was expressed by Clausius 
as follows : — 

Heat cannot poM of itadffrom a lower to a higher temperature. 

The following more general statement of the law by I^'emst is, 
however, to be preferred: — 

"Every proceat which takes place ofitadf in any tyttem, or, in o&er 
words, wiihotit receiving energy in any form from the mrroundingt, t> 
capable of furnishing a definite gtiantity oftoork." 

ConreiBely, such a process can be made to take place in the 
opposite direction only by the expenditure of work upon it. If no 
spontaneons processes existed, then no work of any kind conld be 
performed. For example, at constant tomperatare, and excluding 
other chaises in state, a transformation of heat into work is im- 
possible. 

It lAouZi be borne in mind that these ttm totes of energetics ts^pra* 
the amdvsions of ea^ierienoe and not the deductions from theories. 

The maximum external work which a spontaneous process is 
capable of furnishing is of great interest, since this work is an im- 
portant characteristic of the process. It is not wortii the tronble to 
investigate Tslnes other than the TnnTimmn value, because they are 
indefinite and may vary even to zero. 

From a closer consideration, it is evident that the maximnm 
quantify of work is obtained from a process when it is made to 
teke place reversibly, or, in other words, in such a manner that, 
theoretically speakii^, at every instant equilibrium exists in the 
process. 

A. process may be carried out isothermally and reversibly in 
several ways. The question then arises as to whether the values of 
the maximnm work obtuned in these different ways are identical ? 
Kow they must be identioal, for otherwise perpetual motion of the 
second kind would result, and this, according to the second law of 
energetics, is an impossibility. Therefore if the value of the maxi- 
mum WOTk of a process when carried out in one way, is kifown, its 
value when the process is carried out in any other way is also known. 
If, for example, the maximum osmotic work which a process is 
capable of produdng is known, then the maximnm quantity of eleo- 
ttieai ene^y which may be obtained from it is also known. When, 
further, the quantify of substance, and so the quantify of electrioify. 
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inTolved is known, the electromotiye force may at once be calculated 
■with the aid of Faraday's law as follows : — 

£lflOtromotive force x Qaantitj of eleotricitjrs Electrical ene^y. 



Electromotiye force = 



Quantity of electricity 



From the aboTc discussion, it is evident how important it is, 
especially for the calculation of electromotive forces, to know the 
maximum external work obtainable from an isothermal process. 
Such knowlei^e will be applied later on in the book. The second 
law of energetics may also be stated in the following form : — 

7%e turn of the gwiniities of work involved in the different parU of 
an iaothermal, revertihle, cydicai procese is eqval to zero. 

It is also of great import&noe in electr<Hjli6nii8try to know the 
maximum quantity of work obtainable when a given quantity of 
heat is lowered from one temperature to another ; for this, too, is a 
spontaneous process. In order to find tiiis quantity of work, it ia 
necessBiy to devise a process by means of which heat may be trans- 
ferred reversibly from one temperature to another which is lower. 
Such a process is easily found. As the machine or carrier of heat 
from the one temperatnre to the other a perfect gas may be used. In 
Uds case the calculation is especially simple. It is only necessary to 
be able to determine the quantity of work ob- 
tainable when a gas of a volume v and pressurep 
changes isothermally to a volume v' and pressure 
j/. This quantity of work is the same as that 
obtainable when an " ideal " solution of a volume 
y and osmotic presaure P changes isothermally 
to the values T" and P respectively. As fre- 
quent use of osmotic work will be made, the fol- 
lowing derivation is of twofold interest. 

If in the apparatus shown in Figure 34 one 
mol of a saturated vapor (in contact with its 
liquid) of volume v and pressure j) be allowed 
to expand gainst the constant pressure j> until *to. 34 

the volume v' is reached, the maximum work 
obtainable is easily calculated. If it be imagined that the increase 
in volume («' — v) is divided into infinitely small parts designated 
by dv, then the work obtainable during each suooessive expansion of 
do is equal to pdv, and the total work, 




ir=p 



JT* 
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E^ressed in wordB, the total work u equal to p times the som lA 
these infinitely BDiall voliuiies dv from the valiie t> to Uiat of tt*. Con- 
Beqnently 

W=p(y' - v). 

Attention is hara oalled to page 4 of the introdnction, where it is 
shown that the product po, and therefore piy' — «) or pti", represeotB 
a quantity of work [and also to 
Figure 35, which is a graphical 
representation of the relation of 
p,vf — v, and IP"]. 

In the case now to be consid- 
ered, the relations are not quite so 
simple, since the pressure, instead 
of remaining constant as in the 
abore case, oontinoally changes 
with the Tolume until it reaches 
the value p'. We have not then 
merely to add fa^ether the values of dv; the sum of the endless 
number of infinitely small quantities of work pdv must be found, 
where the value of p is no longer a constant but a function of v, or 
in other words, where the value of p depends apon and varies with 
the value of v. The quantity of work involved during the change 
in volume and pressure of the perfect gas is given by the equation. 




r-jr>. 



The values of p and t> are dependent upon each other in a definite 

and known manner. For one mol of a gas, the following equation 

holds (see page 63) : — ■ 

pv = RT; 

BT 
m p= 



By substituting this value of p in the above equation and placing 
the constants before the sign of aommation (the integral sign), the 
following equation is obtained : — 



r-BTjTf 



There is here csily one variable, and the integral is detenidnabl» 
From integral oaloulus it is known that 
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0.4343 



'<«: 



where In signifies the natnial and \o^ the ordinuy logarithm; 
consequently 

RT , «' 
= a43i3^« 



W=RT\b." 



Sinoe, aooordiBg to the gas law of constant pressoTe-Tolnme prodnot 
(Boyle-lCariotte), 



the above equation may also be written as follows : — 

It is evident, from the above equation, that the available work is 
proportional to the absolute temperature of the gas, and further, 
that it does not depend upon the absolute values of the pressure 
or volume, but upon the relation betveen the respective values of 
eaoh. Accordingly, the quantity of available work is the same 
whether the gas passes from a pressure of ten to a ptessote of one 
atmosphere, ot from a pressure of one to a pressure of one tenth of 
an atmosphere. 

It may be recalled that when it is desired to express the work in 

mean gram-calories, the value of £ = 1.985, 
gram-centimeten, the value ot R = 84800 (approx.), and in 
joules, the value of S = 8.32. 

[The relation between the presBuie and volume changes and the 
TmiTimnm quantity of work obtain- 
able during an isothermal expan- 
sioD of a gas is shown graphically 
in Figure 36. The line a& is the 
pressure-volume curve and the ^ 
area a&vc' represents the work 
done by the gas in expanding from 
the volume v to v' at constant 
temperature. In the above math- 
ematical derivation of the equa- 
tion representing the work, there- 
fore, tMs area has been found by obtaining the sum of the infinitely 
small areas pdx of which it is composed.] 
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If one mol of a gas expands so that its pressure decieasea to ono 
hondredth of its original value, or, what is the same, its Toliiine 
increases a hondied fold, the mazinmm quantity of work obtidnable 
from the process at 17° ( or 290° T is given by the following eqoft- 



W= 



0.4343 

84800x290, 100 „^„ .„ ^ ^ 

„^.j.„ — log -T-, or 113260 X 10" gram-oentimetenJ. 



If, instead of one mol, n mols of gas had been taken, the quantity vS. 
work obtainable would have been n times as great 

It may be well to remark that this work which is obtained during 
the isothermal expansion of a gas is not taken from the internal 
ene^y of the gas itself, but from the heat energy of the surround- - 
ings. The gas serves only as a medium for the tTansformation of 
heat into work. 

It is now possible for us to oonsider the process for the reversible 
transference of heat from one temperature to another, and to calcu- 
late the quantities of work involved in the different parts of the 
process. 

Part 1. One mol of the gas is compressed roversibly at the tern- 
perature T from a volume v' to the volume t>. The work done upon 
the gas is given by the eqaatton 

IF, = firin-- 



Thu quantity of work is converted into heat, which is absorbed 
by the sucroundiugs. Horeovor, the quantity of heat thus set free 
is, according to the first law of 
energetics, equivaleut to the work 
done, or 

ei=firin-. 



i - 


^"'-^ 




^^'-=;;S{^^^ 











[This quantity of heat and of work 
is represented in Figure 37 by t^e 
area oAv'v.] 

Fabt2. The gas is now brought 
into surroundings of a tempera- 
ture T+dT. The quantity of 
t thereby absorbed fay the gas is negligibly small as compared 
1 ^ aad, moreover, the same quantity is given off to the sor- 



ELECTR0H0TI7E FOBCB 171 

TtnmdingB in a later part of the process. Since the Tolome v of the 
gas remains constant daring the change in temperature, no eztet- 
oal vork is done. [This change is representea by the line be in 
r^re37.] 

Fakt 3. At the new temperature, the gas is expanded rerersibly 
from volume v to Tolome v*. The work done by the gas is, then, 

* *■ '^ w V V 

A quantity of heat eqnlTalent to this work is absorbed from tbe 



Q,= SThi - + RdT\n -• 

\_Wt and Qt are represented by the area cdi/t).] 

Fabt 4. Finally, the gas is broaght into Barroandings of a tem- 
peratare T. After the same negligible quantity of heat as waa 
absorbed in part 2 has been given out to the aurroundii^, the 
process has passed along the line da to a, and the gas is in its origi- 
nal condition. The process is now complete. 

As a final result of the whole process, it is evident that the 
quantity of work W obtained is aa follows : — 

[Beferring to the figure, W is seen to be equal to Uie area abed.'] 
An eqaivalent quantity of beat has therefore been transformed into 
woric, but at the same time the quantity of heat 

Brin- 

V 

haa disappeared at the temperature T+dT, and been recovered at 
tiie temperature T. Here there are two different kinds of heat 
transformations taking place simultaneously. A definite quantity 
of heat Q' can only be transformed into work by a reversible-cyclical 
process operatii^ between the temperatures T-t-d 7* and T when 
another definite quantity of heat Q passes from the higher to the 
lower of tiiese two temperatures. The following equation gives the 
relataoQ which exists between these two quantities of heat : — 

The result of the above deductitm is of general applioatum. 
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Whenerer a quantity of heat iB transferred from a higher to a lower 
temperature, and no other change in state takes place, only a frac- 
tion of it can in any case be traoBfonned into work. The relation 
between this fraction and the rest of the heat when the maximnm 
quantity of work is obtuned is ^Ten by the abore equation. 

Let OS apply these consideratioos to the reversible galvanic d»- 
mente. If the heat evolred by the reactions takii^ place within 
mioh an element, having no internal resistanoe, be entirely changed 
into electrical ene^y while the element ia immersed in a calorimetei, 
no heating effect would be observed. The reason is that just as 
much energy as was produced would be consumed as electrical 
ene^y (capable of transformation into work) in the external circuit. 
As a matter of fact this simple relation very seldom exists, and 
therefore a generation of heat in the calorimeter can usually be 
observed. 

Imagine a reversible cell of electromotive force f at the tempera- 
ture T, and suppose the quantity of electricity, 96,540 coulombs, or 
^ be passed through it, then the maximum electrical ene^y which 
may be produoed is f^. Let Q be the sum of the heats of the 
corresponding reactions. The action of the cell is attended bj 
"absorption of heat, the heat absorbed being rq — -Q, according to 
the first law of energy. Suppose the temperature increased by dT 
and the amount of electricity q again sent through the cell, but in 
the opposite direction, and under the new electromotive force, 
V 4- (!f ; the amount of work thus consumed will be j}(f -(- dr). The 
corresponding sum of the heat of reaction in this reversed process 
has changed but little, and, neglecting this change, is Q + dQ. The 
heat generated in the cell is in this case equal to the difference be- 
tween the electrical energy used and the beat taken op in the chem- 
ical processes, and is thus equal to Fq + qdF — (Q + (IQ)- If ^o 
element be brought again to the temperature T, it is once more in 
its original condition. 

As the end result of the prooess, the work qdF has been per* 
formed, and accordingly the equivalent amount of heat gdr pro- 
duced. At the temperature T the heat f— q Q has been lost, bat at 
r + dS* the heat fq -|- qdF - (Q -|- dQ) has been obtuned, which 
with slight error may be simplified to qF + qdF — Q. As qdF is 
derived from the work done, the amount of heat rq — Q has been 
raised from the temperature 7 to T + dT. Conversely, in order to 
change the quantity of heat qdF into work, the amount of heat 
qF — Q must fall from the temperature T + dT to T, consequently 
the followii^ expressions are correct in aooordanoe with page 171 :— 
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giF~(^-Q)^; (1) 

ll-Q-i'T^; (2) 

Since we can oalcolate Q from thermoohamioal data, or can deter- 
miae it directly, ire are able, with the help of the experimentally 
determined temperature ooefBoient of the electromotire foree, to 
oaloulate the maximum electrical energy obtainable, or the eleotro- 
motiye force of the cell. In the thermochemical data the numbers 
always apply to a gram eqniTalent or gram-moleool^ the heat geber- 
ated being considered positire. 

If the temperature ooefflcient is poaitiTe, i.e. if the electromotive 
force increases with tise of temi>eratnre, it follows from equation 
(2) that F9 is greater than Q : the cell in activity tends to be- 
come cooler, and bo takes heat from the surroundings. If, on the 
other hand, the temperature coefficient is negative, fq is less than Q, 
and the cell becomes warmer. If finally the temperature coeffi- 
cient is zero, the heat of reaction is simply and completely trans- 
formed into electrical energy, and the cell itself exhibits no ther- 
mal ohaoge. This latter condition is nearly realised in the Daniell 
oelL 

It is necessary to emphasize this fact that the heat of the chemical 
reactions is not a strict measure of the available electrical energy of 
a reversible element, althou^ experience has shown that in many 

dT 

often negligible as compared with Q, and therefore may be omitted 
from equati(m (3). 

The above formula of Helmholtz has been qualitatively proven 
l^ Gzapski and Qockel, and quantitatively hy Jahn and others. Sev- 
eral apparent contradictions, as later shown by Nemat, arose from 
erroneously assumed values for the heat of formation of mercury 
compounds. 

For illustration, the values found by Jahn* and Bugarazky* 
are given in the table on the next page. 

In the table, v denotes the electromotive fwce at (f,— tiie 

dT 

* WUd. Ann., SO, IBO C1S9S> 
•ZMkr. fMorg. Ohem., 14, 146 (1807). 
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change in electromotire force per degree, 2 wq the eleotricftl 
ene^^y given crat hy the cell when two equivalents of the sabstancea 
have reacted, and H, the heat of reaction for the same quantities of 
the reacting Bnbetances, expressed in calories. In the last two 
columns are given the valnes of the heat effect in the cell, i.e. those 
calculated from ^ and from the expression, Q — 2 rq, respectively. 



C-» "1 



Ca-CnSO* + 100 H,0— 
Zn-ZiiSO«+ 100 HiO-- 

Ag-AgCl - I 

Zn-ZnCli + 100 HjO. J 

Ag-AgBr— - 

Zn-ZnBri + Se HiO i 

Hg-Hga + Ka, o.oic- 

1C„KN0» 
Hg-Hg,0 + KOH, 0,01 C; 



-0.00M02 
-0.000106 



+ 18S6 
- 11276 



-41S 
+ 6180 
+ 1188 

-lOMe 



As is evident, the agreement between the heat value of the cell 
as observed in the calorimeter and that calculated from the differ- 
ence between the electrical energy produced hy the cairont and the 
corresponding heat of reaction is satisfactory in each case. The 
last get of measarements is particularly interesting, since the chemical 
process which spontaneously gives rise to the electric current ia 
endothermic and the cell when in operation absorbs heat from ths 
Burronndings. It furnishes a striking proof of the incorrectness of 
the assumption that the heat of reaction is a measure of the work 
obtainable from a cell. 

The above equations have also been found to hold for cells of fused 
electrolytes at high temperature. 

It may be advisable to add that electrical energy may be measured 
by inserting the cell in a circuit, the resistance of which is so great 
that internal resistance of the cell is negligible in comparison. 
The electrical enei^ being allowed to change into heat, the 
amount of the latter generated in the unit of time is c^it, ac- 
cording to Joule's law (page 18), where n represents the resist- 
anoe of the circuit, and c the current-strength. Knowing the resist- 
ance B, and having measured the current^trength, the quantity of 
electrical energy produced per unit time may be calcalated. From 
this the quantity of energy produced when 96,510 coulombs, or twice 
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lliat nnmbw, pass through the circuit may be easily determined, Uie 
«hoiee between these numbers depending upon whether one or two 
gram equivalents of the substances take part in the ohemioal reac- 
tion. Ab the intern^ resistance of die cell itoelf is negligible com- 
pared to the external, the electrical heat effect produced within the ^ 
cell is insignifioant, and may be left out of consideration. The heat 
generated in the cell, and measured in a calorimeter as previously 
described, has nothing to do vith the electrical heat effect, c*b, 
which is the heat generated by the electric current and hence a 
measure of the electrical energy furnished by the cell. It is, instead, 
equal to the difference between the heat of the reactions which take 
place in the cell and the electrical heat effect just mentioned. 

The equation previously derived enables us to determine the 
electromotive force of a cell from a knowledge of its temperature 
coefficient and of the heat of reaction. The electromotive force of 
reversible cells may be determined in another manner, as already 
indicated on page 166. Before proceeding with the calculation, a 
dear idea of the ecmcept, electrolytic tolutifm tension, which was intro- 
duced by ITemst, is neoessary.' We will, however, follow Ostwald'a 
nomenclature and call it eUcirolytic solution pressure. 

EUiotrolytie Solution PreHure. — The expression "vapor pressure 
of a Bubstance " is one commoifly understood. It signifies the tend- 
ency of a substance to enter the gaseous state. 
If, for example, we allow water at a certain tern- | 

petature to evaporate in a long cylindrical vessel, 
as shown in Figure 38, in which there is a mov- 
able air-tight piston, and if a pressure p* is exerted 
npon the piston less than the vapor pressure of the 
water, the piston is moved upwards and more 
water evaporates. Hence a condition of equilib- 
rium ie only established when a certain definite 
{nressure equal to p is exerted npon the piston 
from without The latter will then remain station- 
ary in whatever position it be placed as soon as equilibrium between 
water and vapor obteina. If the pressure on the piston be slightly 
increased, the piston will fall and all of the vapor will condense to 
water; if, on the other hand, it be slightly diminished, the piston 
will rise and all of the water will vaporize. The pressure downward 
on the piston at equilibrium represents the vapor pressure of water 
at the temperature of the experiment. 

The "solution pressure" of a substance, for example sugar, is 
■ Zttchr. pht». Ghem., 4, 129 (1889). 
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spoken of jost as U the vapor i^essnie, and thereby is meuit its 
tendency to pass into the dUsolved state. This pressare may be 
in a manner similat to the measurement of rapor pies- 
A diagram of the appamttta is shown in Pignie 39. M the 
bottom of the Tessel there is an excess of the 
solid substance, over which ia its saturated solution, 
and a aemipeimeable piston, that is, one which 
is permeable to the water but not to the diasolved 
substance. Abore the piston is pure water. 
If the piston be weighted, the magnitude of the 
load determines the direction in which the piston 
will move. If the load be less than the pressure 



SakrtlM 

B B*^ '* M 3 rTlB derived from the dissolved particles, the "osmotic 
^^ pressure," the piston will rise and water penetrate 

into the solution, which being thereby diluted, al- 
lows more of the solid substance to be dissolved. If it be greater, the 
piston sinks, and water passes from the solution. The latter becoming 
supersaturated, some of the solid substance separates out again. 
Under a certain weight the condition of eqoilibrium must exist and 
the piston remain stationary at any paxt of the cylinder. Evidently 
the relations are here exactly analogous to those of the vapor pres- 
sure of water, and the magnitude of the solution pressure of the 
substance at a given temperature is measured by the weight on the 
piston when in a condition of equilibrium. 

It may here be repeated that, as made evident through these con- 
siderations, the vapor pressure of water being that pressure exerted 
by the vapor in contact with water, that is, the "saturated" 
Tt^r, so also the " solution pressure " of a substance ia the osmotic 
pressure bf the solution which is in equilibrium with the subetanoe, 
that is, the " saturated " solution. 

This oonception may finally be applied to the passing of sub- 
stances, chiefly in the case of elements, and especially metals, into 
the ionic condition. Hydrogen and the metals are capable of form- 
ing only positive ions ; chlorine, bromine, iodine, etc, on the con- 
trary, form only negaUve ions. The magnitude of this "electro- 
lytic solution pressure " may be conceived as determined in exactly 
tjie same manner as the ordinary solution pressure. We imagine 
the substance in contact with water saturated with the ions in ques- 
tion, under a similar piston, which separates the saturated solution 
from the water, and is impermeable for the ions. The equilibrium 
with the osmotic pressure of the ions will be brought about by a 
certain weight of the piston, and no ions will enter the solution 
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from the sabstance nor pass out of solatioD. The weight of the 
piston in equilibrium represents the value of the electrvlytic solvtion 
pressure, which is usually represented by P, and also ezpresaes the 
equally great and oppositely directed osmotic pressure of the ions. 
This method is practically inapplicable, because in no case can 
appreciable amounts of positiTe or negative ions alone come into 
existence; this does not, however, affect the value of the conception. 

In order to explain the production of a potential- difference 
throu^ the contact of a solid substance with a liquid, imagine a 
metal dipped into pure water, and that a certain amount of metal 
ions is produced owing to the electrolytic solution pressure. The 
metal at the same time beoomeg negatively electrified, since both 
hinds of electricity must be simultaneously produced whenever 
electrical ene^y comes into existence. The solution is thna posi- 
tively electrified and the metal negatively, and 
there is formed a so-called double-layer (" Dop- _ 
pelschicht") of electricities of opposite signs. 
[This is represented in Figure 40, in which the 
positive and negative ions are represented by 
plus and minus signs, respectively.] 

The ions sent into the solution with positive 
charges and the negatively charged metal at- 
tract each other; in other words, a potential- 
difference is produced. The solution pressure 
constantly tends to send more ions into solu- 
tion, while the electrostatic attraction of the electrical doublfr-layer 
opposes this action, and evidently equilibrium is reached when the 
opposing tendencies are equal. Since the ions have very high 
charges of electricity, this condition of equilibrium occurs before 
weighable quantities of the ions have passed into the water. In the 
case of pure water the potential-difference, or strength of the elec- 
trical double-layer, depends only upon the magnitude of the solution 
pressure, but if the metal be in a solution of one of its salts, another 
factor is introduced, due to the metal ions already present The 
osmotic pressure of these ions opposes the entrance of new ions of 
the same kind. It may occur that this osmotic pressure is exactly 
in equilibrium with the electrolytic solution pressure of the metal, 
consequently the latter will yield no ions and will not become ama- 
tively charged ; in short, under these circumstances there will be no 
electrical double-layer produced. The nature of the negative ions 
of the salt in solution has no infiuence. 

If the osmotic pressore of the metal ions differs from the electri- 
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cal solution pressure, two different cases may be distingnisbed 
according as the former oc the latter is the greater. In the second 
case, ions pass tiom the metal into the solution ae in pnre water, 
and an electrical donble-layer resalts. This action would eridentl; 
not be as great as in pore water, since so many ions cannot enter 
the solution, owing to the &ot that the electrolytic solution pressure 
is opposed by the osmotic pressure of the ions already present. 
The quantities here involved are shown by the calcolation made by 
Kn^r.^ In the ease of zinc which is dipped in a solution which is 
of normal concentration in respect to Zn ions, 3.10"' grams per square 
centimeter go into solution. In the other ease ions separate from the 
BolntioD and are precipitated upon the metal, communlcatii^ their 
poeitire electric charges to it. The metal thus becomes positively 
electrified, the solution, which formerly contained equivalent amounts 
of positive and negative ions, negatively electrified, alnd SLgaia tiio 
electrical double-layer is produced, the attraction of which opposes 
the previously superior osmotic pressure and adds itself to the solu- 
tion pressure. This proceeds until the condition of equilibrium ia 
reached. Here also the quantity of ions which is precipitated is 
unweighable. The strength of the electrical double-layer and the 
electrostatic attraction due to it is evidently dependent upon the 
osmotic pressure of the metal ions in the solution. 

In all, Uiree oases must then be distinguished : — 

First, when p = ^, 

where p is the electrolytic solution pressure and F the osmotic pres- 
sure of the metal ions under consideration. Here eqailibrinoL 
exists and no potential^diSerence or electrical double-layer is formed 
between solution and metaL 

Second, when p > jP. 

In this case, the metal possesses a negative and the solution a 
positive charge of electricity. The electrostatic attraction opposes 
the solution pressure. 

Third, when p<P. 

Here the metal possesses a positive and the solatioa a negative 
charge. The electrostatic attraction is superposed on the soluticnt 
pressure. 

On turning our attention to the actual experimental facts, it is 
found, as will be seen later, that such base metals as the alkali 
metals, zinc, cadmium, cobalt, nickel, and iron, are always ntgtr 
tivaly charged when placed in solutions of their salts ; the solution 

1 Zttchr. j)Ayi. Chem., H, 18 (1«W>. 
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pieflBQte in these cases is so gteat that, owing to the limited solu- 
Inlity of the salts, the osmotic pressure of the metal ions can never 
be raised to equilibrium with the solution pleasure. On the other 
hand, with the noble metals, silver, mercury, etc., the metal is 
usually positively electrified in solutions of its salts. The solution 
pressure of the metals is here alight, and it is only by employing 
solntions containing very few of the ions in question, i.e. such as 
have very low osmotic pressure due to theee ions, that it is possible 
to have the metal negatively charged in the solution. 

With such substances as produce negative ions, e.g. chlorine, there 
is complete analogy. If the osmotic pressure of the chlorine Icms is 
greater than the electrolytic solution pressure, ions pass into the 
condition of ordinary chlorine, and the "ohlcmne electrode" b 
negatively chai^d. In the other case 
the electrode becomes positively charged. 
As a matter of fact, as far as we know, 
all sabetancea which produce negative 
ions have high solution pressures. 

So far the electrolytic solution pres- 
sure of a substance has been referred to 
as if it were a constant, but, just as with 
the vapor pressure and ordinary solution 
pressure, it is only constant under cer- 
tain conditions, ie. only when the tem- 
perature and the concentration of the 
electrode subetanoe in question remains 
unaltered. 

It is well known that the vapor pres- 
sare of water changes greatly with the 
temperature; but that it is affected by 
the concentration or density of the water itself, and is higher the 
greater this concentration, may be less commonly recognized. The 
foot may be recalled that if two open vessels containii^ water at 
different heights be allowed to stand in a ccmfined space, the water 
distills from the higher level to the lower. The water in each ves- 
sel is under the pressure of the vapor above it, and these columns of 
vapor differ in height by the difference between the levels of the 
water surfaces. Consequently the system is not in equilibrium, the 
tendency being for vapor to condense under the greater pressure and 
be generated under the lower, which process continues untU the sor- 
faoes of the water in the two vessels are at the same level, or that 
in one of the vessels is exhausted. 
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Id the aocompaDying fignie' the pure vater and any water sola 
tion are separated by a membrane perme^le to the water only. 
TJnder the conditions lepreaented the liquids aie in osmotic eqoi- 
libiium, but the rapor pressure pi at the surface of the soluticm is 
less than that p of the water, and the equation p, + w=p must 
represent the existing condition, where w is the weight of the column 
of vapor whose height is equal to the difFerence in lerel between the 
two liquids. If this were not true, water would distill from one sur- 
face to the other, thereby destroying the existing condition of osmotic 
equilibrium, and would also pass through the membrane in one 
direction in order to reproduce the osmotic equilibrium, etc In 
short, a perpetual motion would result, by which an utdimited 
amount of the lieat of the surroundingB at conttatU temperature could 
be traTtsfarmed into work (through the distillation of water vapor). 
This conflicts with the second law of energetics, and therefore is 
impossible. 

If the upper end of the tube be closed by a membrane, allowing 
tiie passage of water vapor only, and a quantity of a gas insoluble 
in the liquid he placed between this membrane and the surface of 
the liquid, it will exert a certain pressure upon the latter, which 
will consequently sink to a lower level. The conditions of the 
equilibrium must again be that the vapor pressure pi at the surface 
of the solution, increased 1^ the pressure of the column of water 
vapor d' between the two levels, is eqnal to the vapor pressure of 
the pure water p, or p^ +u}' =p. Evidently p has remained unal- 
tered, d' is less than d, therefore pi is greater than p^; that is, at 
the "compressed" surface, where the water is at the greater con- 
centration, there is a higher vapor pressure than when the water is 
under a lower external pressure. The increase in the vapor pres- 
sure is evidently proportional to the pressure acting on the surface.* 

Of the ordinary solution pressure it is also known that the otm- 
centration of the substances plays an important part This ia 
shown by Henry's law, in accordanee with which the solubility of 
a gas, and therefore its solution pressure, since the two are synony- 
mous, is to a great extent dependent upon the pressure, in other 
words, upon the concentration ; it is, in fact, nearly proportional to 
the latter. 

> ZtKhr. phgt. Chem., S, 115 (ISSg). 

* His conclosioii wu esteblUied by the work ol Dm Condrea and the ftothor, 
which preceded the appearaiitw of tho article of Schiller on the same rabieat 
(Witd- Ann., H, 390, 18M). The ezperlments In oonneotton thanwlth wen 
w>aToid»bl7 inUmipWd and never ooncliided. 
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What has been said of rapoi preeanre aod Bolution pressiira appUea 
equally well to eleotrolTtic solution pressure, and accordingly there 
are cells possessing certain electromodve forces dependent only 
upon tl>e different concentrations of the same ion-producing sub- 
stances. It is true that usually but (me condition of ooncentraticm 
for solid substances is reoognized, and consequently only a single 
definite electrolytic solution pressure. But even here the concentric 
tion win be Taried, as trill be later described. 

As in the case of the solubility, so the electrolytic solution pres- 
sure changes wit± a change in solvent. However, it has been shown 
by Lather * that the rdatioru between the aolvtion pressures of various 
metals are independent of the nature of the solvent, and, moreover, 
always possess the same value. 

The electrolytic solution pressure varies with the temperature. 

Caloulatton of the Eleebomotin 7oroe existing at the Bnrfaoa 
of Berersible Sleetrodea. — The potentisJ-difFerence which appears 
when a reversible electrode is placed in contact with a liquid may 
easily be cfdoulated aooording to the procedure given by Nemst. At 
the same dme, the mathematical importance of the electrolytic solu- 
tion pressure will be made evident. 

Let us consider the following ieothermal, reversible, cyclical pro- 
cess, noting first, however, that only the pressure of the correspond- 
ing ions come into consideration, e.g. in the case of a silver elec- 
trode, only the silver ions need be considered. Let f represent the 
desired potential-difference, and P the osmotic pressure of the univ- 
alent ions corresponding to the metal of the electrode. 

Pakt 1. The quantity of electricity 9 is passed tiom the elec- 
trode into a solution of osmotic ion-pressure P, at a potential r. 
The quantity of work thereby obtained from the system is given hf 
the equation 

ff" = F9. 

Pabt 2. The equivalent of ions of volume V wluoh has been 
formed in solution is now diluted reveraibly to the volume F+ dV, 
and the following quantity of work is obtained 1 — 



Quantities at work of the second order of magnitude have here been 



Fast 3. Since, in the above part, the volume has been increased 

' ZtMcXr. XUktrofJitm., S, 498 (1902). See alio Bnumsr, SfcAr. XMtro- 
**m., U, 416 (1006). 
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to V+dV, the osmotio pressure of the ions under oonsideiatioD baa 
been deareaaed to P—dP and the potential-differenoe at the sur&cfl 
of oontaot of this diluted Bolution and the electrode has been in- 
orMsed to r -4- dr. Kenoe nov vhen, under these new conditions, 
one eqairalent of tbe ions is separated oat of solution, the qnantitr 
oS irork consumed is as folloirB : — 

w"'=(F + dF)a. 

The process is nov complete and the quantities <rf work inTOlved 
in the different parts may be summarized. Bepresenting the work 
done by the system by a pins, and that done upon the system by a 
minus sign, then the sum most be equal to zero, or: — 

vq+PdV- (F + dr)9 = 0. 
Henoe 4dF =PdV. 

Since, according to BoyWa law, at oonstaat tempeiatan^^ 
BT 
P' 
itfoUowsthrt ftdF--FdP=-«r^, 

(», after integration, »=■ — j-lnP+oonflt 
Instead of the constant appearii^ in the last equation, the logarillim 
of another constant e, multiplied hy — , may be substitated. This 
eqaatian then becomes 

F = -«2'lnP + «?lny = :5Z'ln±. 
9 8 9 P 

When p^P, FsO, 

and the constant r receives a comprehensible signifloance and is 
known as tte dectrvtytic solution pressure. 

If the ion is not univalent, but polyvalent, then the eleotrioal 
work vr^ per gram-ion is involved where v ih ttte valency of the 
ion. The above equation then becomes 

vg P 
The quantity - is called the " electrolytic gu oaogtHttt" and its 
value is 0.861 x 10-*, 

when the value of f is desired in volts. 
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H«DM tlw abore eqaatdon mhj be writtea as follows :— 

or, atbu mnltiplTing b; 2..3026, 

Beferring tike abore equation to a room tenpentun of IS^ t^ tttw 

T=291», 
and Ulo following equation is obtained, 

3%w «• a./WiMiam«ntaI Aquation tn tA« theory ofrevtntbUt eeO>. 
In ctxiaidering a oell composed of two metaU and two eolations, 
as, for instance, the Daniell oell, 

Zn — ZnSO« solution — CaSO. solution - Co, 

ihere are foox places where potential-difFereuoes are prodnoed : — 

1. At the p(Hnt of contact between the two metals, 

2. At the point of oontact between the two liquids, 

3 and 4. At the points of contact of the two electrodes with tiie 
TespeotiTe solutions. 

The potential-diffetenoe at the point of oontact between the two 
metals ia so small that it ma; be usually left out of account This 
is also often true of that existing between the two solutions. These 
magnitudes will shortly be calculated. Considering only the poten- 
tial-differences at the points of contact of the electrodes with the 
liquids, the electromotive force of the cell at 18° is expressed by the 
fbllowing equatitm : — 

■ ,^ 0.06771 ,^ , 0.05771 ,^^ >' 

F lepresents the electrolytic solution pressure of the one substance, 
the Tslence and osmotic preeaure of whose ions are t and P; 
while p', V, and P are the corresponding values for the other sub- 
stance. The minus sign is used because at one electrode ions enter 
the solntiCHi, while at the other they pass from the solution; for 
example, in the Daniell oell zinc ions are ptodnoed, and simnltane- 
onsly an equal number of copper ions separate at the other electrode ; 
for the same number of positive and o^^ve ions must always 
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be pTdsent in Uie aolntum. The mrestigaticm of specul caae* wil] 
ncnr be taken up. 

CONCENTRATION CELLS 

1. IHffsnnt Conoentratioiu of the Snbrtaiiou vMoh u« Hsrtr»- 
matiTt'tf AotiTe. — a. A cell formed of two difFeieotly conceatrated 
amalgams of the same metal, for example zinc, in a solation of one 
of the salts (£ the metal, as zinc sulphate, possesseB, according to 
the previous considerationa, an electromotlTe force at 2" expressed 
fay the equation, — 



where p and p' represent the electrolTtio sedation pieseore of the 
zinc in the concentrated and in the dilute amalgam, respectively, and 
P the concentration of the zinc ions in the solution. Since the 
latter concentration is the same thronghont the solntitm, the abovB 
eqaaticm may be simplified to 

, 0.0001983 ^, p ,^ 
»= 2 r log- volts. 

Dilute amalgams may be considered to be solutions in which the 
mercnry is the solvent and, in the above case, zinc the dissolved 
eubstance. The zinc, like all dissolved aubatances, exerts a certain 
osmotic pressure which, since the amalgams are not of the same con- 
centration, is different at the two electrodes. Since these are pro- 
portional to the concentrations, the electrolytic solution presBuree of 
the amalgams may be assumed to be proportional to the osmotic 
pressures of the dissolved zinc* From this 



where C and 0| are the concentrations of the zinc in the amalgams. 
That values of r calculated in thia manner agree with those ezperi- 

1 Tbli is etpiivalent to awomlDg thst Ae diwolTed BabatsDce U present in the 
meroory as Atoms, wbich will be demonstnted from a consldaistioa of ooncen- 
tratloD cells loimed from gases. If it be assomed tbat a compound is formed 
betneen the mercury and the snbstance dissolved In it of the type X' H^, then 
■notber teim most be added to the above equation. Since thfa term is within 
the limits of experimental error, the qaeetion of the formation of such a 
oompoQod remains nuanswered. It most at least be concluded from tbe 
experiments, either that the molecnles of dissolved sabstance are monatomlc, 
(» tbat they a» oomblned alagly witb the solvent, mercory. 
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mentallf determined may be sees from the followit^ lesnlts obtained 
by G. Meyer :' — 

Zinc Amaigam and Zinc Sulphate Solution 

t C C, Ftoopd Tolcnlatod 

11.6" 0.003366 0.00011306 0.0419 volt 0.0416 volt 

18.0° 0.003366 0.00011305 0.0433 volt 0.0425 volt 

12.4° 0.002280 0.0000608 0.0474 volt 0.0446 volt 

M-O" 0.002280 0.0000608 0.0520 volt 0.0619 volt 

Cbdmium Jmalgam and (^xdmium Iodide Solution 

t C C, Ffonitd Tcalcnlated 

M-S" 0.0017705 0.00006304 0.0433 volt 0.0440 volt 

60.1' 0.0017705 0.00005304 0.0662 volt 0.0607 volt 

tS.O' 0.0006937 0.00007036 0.0260 volt 0.0262 volt 

Copper Jmalgam and Copper Sulphate Solution 

t C C, r toand v emlcnlHed 

17.3° 0.0003874 0.00009687 0.01816 volt 0.0176 volt 

20.8° 0.0004472 0.00016646 0.0124 volt 0.0126 volt 

The electromotive force f of such cells can be calculated in a 
second way, iadependent of the idea of electrolytic solution pressure. 
The actiou of the cell oousists in zinc passing from the more con- 
centrated amalgam into the solution, and at the same time from the 
solution into the weaker amalgajo. As a result of the whole action, 
zinc is transferred from the concentrated to the dilute amalgam, or, 
in other words, zinc at an osmotic pressure P, or the proportional 
concentration C, ohangea to the osmotic pressure P^ or the oonoen- 
tration Ci- The maximum amount of work thereby obtainable 
oamotioally is 



tot a gram-atom, when the metal is assumed to be present in the 
mercury in the form of atoms. 

The value of the work obtained electrically from the same process 
is 2 X 96640 x f, and since the two iriaTiimiin quantities of work 
must be equal, 

2x96540xF = 



Ml. 



BT . C 
~ 0.4343 ** Ci' 
> ^Khr. pkf- Chtm., 7, 447 (18»1), and Oatwald, AUgtm. Chem., n, 1, 
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r log T7 volts. 



ThiB is the same fcomula obtained by the pienoDB method, and will 
also be used later in the calculation of f. 

It was asBumed that the metal is present in the meicary in tha 
atomic state, and since the experimentally determined values of r 
agree with those calculated, thia assumption may be considered 
justified. 

If the metals had dissolved in the mercury in complexes of two 
atoms each, the work obtainable osmotioally, through the traus- 
fereoce of the same amount of metal as before, would have bean 

1 RT C 
^~2' 0.4343 °^^ 

because Ulc number of separate particles to be transferred is only 
half as great The work obtainable depends upon their number, bat 
not upon their weight. The corresponding electrical ene^y would be 



2 X 9«640 X f', 



tiieiefoie 2 x 96640 x f' = 



RT 



and 



or in such a case the electromotiye force of the cell would be only 
half as great as is actually found. The monatomic character of the 
metal molecoles in mercury solutions has also been proved from 
measurements of the vapor-pressure lowering. 

As shown by the equation, f depends only upo6 the relati<Hi 
between the concentrations and upon the valence of the metal, and 
is in other respects independent of the nature of the metal. 

The amalgams have been considered simply as differently ctntooir 
trated zinc electrodes; it might be asked if the mercury in them 
does not also play the psrt of an electrode, and its electrolytic solu- 
tion pressure come into consideration. In order to dispose of tJus 
question at once, it may be stated that, in the case of electrodes 
composed of two or more metals, three cases are recognized.' 

Cask 1. If the metals form a mecAanKoI misUure, the potential will 
be that of the least noble metal. Such a mixture of metallic aino 

> HaiBohkowltE, Zttduf. phyt. Chent., ST, 123 (1S98) ; Ogg, Zfekr. pA|n. 
Ohem., m, 386 (1808) ; Haber, ZOcltr. Slektrwikem., S, Ml (IQOS) i~ ' 
Zlaehr. phyt. Ckevk, M, 226 (IMS). 
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and metoUio oadmiom, for example, vhen used aa the n^atiTe elec- 
trode of a oell ooataining acid, sends praoticalljr only ^no ions into 
the solution. The electromotlTe foroe la, thaiefote, at first that of 
pure zinc. 

If zino ions be added to the 8<dntion, bat little effect is produced. 
Only a sioall quantity of cadmiam disBolves. On the other haod, if 
cadmium iona be added to the solution, a considerable secondary 
reaction lesults. This proceeds until such a number of cadmium 
ions hare been deposited and replaoed by zino ions as will mftbc the 
potential-difference between the zinc and the zinc ions equal to that 
between the cadmium and the cadmium ions. When this has occurred, 
again praotioaUy only pure ^nc goes into solution. 

The abore-mentioned equality of the potential-differences between 
the metals and the solution is, under all circumstances, spontaneously 
established, i^. a local action takes place until it is established. Since 
the individual potenti&l-differenoes depend up<m the relation between 
the electrolytic solution pressure and the osmotic pressure of the 
correepondii^ ions, evidently in the case of equi-valent metals, the 
osmotic pressures of the corresponding ions must be related to each 
otJier as the solution pressares, in order that equality of potential- 
difference may be attained. In the case of great differenoes in the 
sedation pressures, as, for example, between zinc and cadmium, 
the concentration of the cadmium ions must be extremely small as 
compared with that of the zinc ions. Since, because of the extreme 
smallness of the former concentration, it is greatly changed by the 
addition of new quantities of cadmiam itms, while the latter conoen> 
tratd(m is but slightly changed by the addition of a far greater 
quantity of zinc ions, it is evident that, if the potential-differenoes 
must remain the same, practically only zinc ions will go into 
solution. 

In the case of a mixture of two equi-valent metals which possess 
the same electrolytic solution pressure, equilibrium is only established 
when the two corresponding ion conoenttations are equal, i.e. when 
tiie two metals dissolve to the same extent in the solution. 

Cask 2. If the metals form a BolvtUm (amalgam or alloy), the 
latter is always more noble than the least noble component, and, 
further, this is true to a greater extent, the greater the loss in free 
ene^y accompanying the formation of the alloy. It may even 
happen that the metallic solution is more noUe than the noblest 
component. 

The Boluticm or dissolving of such alloys takes place in'a manner 
analogous to that already outlined. In all cases, the potential 
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differenoes between the alloy of the least noble metal and the ions 
of this metal, and between the alloy of the more noble metal and 
the iona of this metal, must be equal to each other. It u to be 
noted, however, that this potential-differenoe is not the same as that 
which would exist between the pure metals and the same solution, 
and, farther, that because of the dependence of the electrolytic solu- 
tion pressure upon the concentration of the metal in the alloy, it 
changes with the composition of the alloy. If the solntion pres- 
sures of the two alloyed metals differ very greatly, aa is usually the 
case, then the least noble metal is practically the only one which 
diseolves in the solution. 

Case 3. If, finally, the metals form a chemical compound with 
each other, and if this compound can exist aa such in the solution, 
which contains a definite quantity of the metal ions corresponding 
to the constituent metal of the compound, as, for example, copper 
and zinc ions in the case of a zino-copper compound, then this com- 
pound possesses its own electrolytic solution pressure. From this it 
must be oonelnded that during the solution of the electrode, ions of 
the same composition as the electrode are sent into the solution, 
where they eventually are dissociated to a large extent into the 
individual components. In this case, the potential-differenoe is 
dependent upon the product of the concenbations of these individual 
ions. 

To avoid errors in the interpretation of the phenomena, it must be 
borne iu mind that only the composition of the layer of the electrode 
which is in direct contact with the electrolyte Is of influence upon 
the electrolytic solution process. The composition of this layer, in 
the case of a solid alloy, may change by the gradual solution of the 
less noble metal alone. Since an appreciable diffusion cannot take 
place, the more noble metal remains alone upon the surface of the 
electrode. Hence it is that such an alloy exhibits, after a time, the 
potential and other properties of the more noble metal. 

Advantage is taken of the fact that the least noble metal dissolves 
first, in the preparation of pure metal surfaces. When a metal con- 
taining a quantity of a less noble metal is placed in a solution of 
one of its salts, the latter metal goes into solution accompanied by 
the deposition of some of the former metal from the solution. Iu 
this manner, it is possible to free the entire mass of mercury from 
the less noble metals dissolved in it. 

The same principles play a very important part in the commercial 
purification of metals. For example, copper is purified by placing 
the impure copper plate, as an anode, in an acid solution of copper 
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Bolfate of a certain conoeiLtTatioii, aea,r a suitable cathode, upon 
irliioh the pnte copper is to be deposited. When, nov, an electric 
current is parsed through the cell thus formed, the less noble 
metals contained in the impure copper plate dissolTe first, but do 
not, as will be shovn in the chapter on electrolysis and polarization, 
deposit apon the cathode. Thereafter the copper goes into solution. 
When the impure anode plate is nearly consumed, what remains of it 
is composed of copper, and the more noble metals, silver and gold. 
The latter metals have, then, been concentrated partly in the remains 
of the anode and partly in the anode mud which falls from the anode 
daring the electrolysis. Thus not only is the copper purified by 
this process, but also the more noble metals are so ooncentrated that 
they may easily be obtained in the pure state. 

The important practical question as to whether iron is better pro- 
tected by a coating of a more, or of a less, noble metal, e.g. by a coat- 
ing of copper or of zinc, can now be considered. As long as only 
impenetrable coatings are to be considered, that one would naturally 
be chosen which best resists the action of the atmosphere. Of the 
two metals just mentioned, copper would bo preferred. On the 
other hand, if coatings which are penetrable, as are all coatings in 
practice, are to be considered, then, since moisture is always present, 
at the points of penetration there will be a mixture of two metals 
in contact with a liquid. According to the principles already 
studied, at these points the less noble of the two metals will be acted 
on by the moisture. Hence if the iron is covered with zinc, as long 
as the zinc remains it will dissolve and protect the more noble metal. 
Iron, while if the iron be oorered with copper, it is not at all pro- 
tected therein, but, on the other hand, its corrosion is accelerated. 

From the same point of view, the fact that alnminiom cannot be 
durably soldered may be explained. Since only the more noble 
metals are suitable for soldering, in the case of such a metal as 
aluminium a galvanic cell is formed at the soldered points which, 
when in action, causes the aluminium to go over into the ionic state. 
The aluminium thus dissolved finally becomes oxidized to aluminium 
oxide, forming the observed fungus-like growth. 

6. The combination, 

Hg — Hg (-ous) salt solution — Amalgam of a noble metal, 

can also be classed as a oonoentration celL It is evident from the 
discussion in the previous section that in this cell the mercury is 
present in different concentrations at the two electrodes. Katurally 
only those metals may be used to dilute the mercury whose solution 
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presstue ia less than that cf the mercury, as, for example, the so- 
called noble metals, gold and platinum. A mercorons salt must be 
naed as the electrolyte. Hnrcnrio salts are immediately reduced to 
the mercnroas state when brought into cmitact with metallic mer- 
cnry, according to the equation — 

Hg-4-Hg = 2Hg-. 

The electromotiTe force of this mercury cimcentraticHi cell may be 
easily calculated, as was that of the previously described cell, either 
with or without the use of the idea of electrolytic solution pressure. 
Ztwill be sufBcientto apply the shorter method, ainoe the elecbtimo- 
tive force of such a cell has not yet been experimentally determined. 
During the action of the cell, mercury dissolves from the pure 
mercury electrode, where the solution pressure is greater, and is 
precipitated upon the amalgam electrode. The maximum work 
available osmotically will now be calculated and placed equal to the 
maximum available electrical work. 

Let us consider a system such as is shown in Figure 12, in which 
the pure solvent, mercury, is separated from the solution of a metal 
in mercury, the amalgam, by a 
, movable semipermeable piston. 
Let P represent the osmotic pres- 
sure of the solution, and V the 
volume of it which contains one 
mol of the dissolved metal. "Sow 
let the semipermeable piston be 
moved downward under the con- 
stant pressure p, from the point a 
to the point 6, whereby the volume 
Fof the pore solvent enters the 
solution. If, for example, this 
volume is one cubic meter, then 
one cubic meter of the solvent 
passes through the piston into the 
solution, and the piston is moved through the volume of one cubic 
meter at the constant pressure p. Finally, let the volume of the 
solution be so great that the introduction into it of the volume V 
of the solvent eanses no appreciable change in ite oonoentrataon. 
Since V is the volume of the solution containing one mol of the dis- 
solved substance, the maTimniii quantily of work which can thus be 
obtwned is as follows ; — 

W=PV. 
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But Pr= RT, 

and ooiueqaently W„ = BT, 

where W^ repreaentB the maTimnin quantity of work obtainable 

osmotically. In order to obtain the equivalent electrical energy of 

irork, the number of eqniralenta of merciiry (n) oonttuned in the 

volume V must be di^olved at one electrode and deposited at 

the other electrioally. The electrical work ia then given by tiie 

eqoation, 

W, = BFgj 
therefore nwq = ST, 

BT 

or T = 

"9 
The values of B, T, and 9 are known, and that of n, the number of 
eqoivalents of nLercury containing one mol of dissolved metal in the 
amalgam, may be found. Hence the value of f is easily calculated. 

This method serves also for determining the molecular we^;ht of 
the noble metals dissolved in the mercury ; n is the number of mols 
of mercury containing one mol of the dissolved metal. By measar* 
ing F, n is obtained, and from the known concentration of the amal- 
gam, the weight of the dissolved substance in n, which represents 
the molecul&r weighty is calculable. 

e. Ji. second mercury concentration cell is the following : ■— 
Mercury (p > p^ — Mercurous salt soL — Mercury (p '=pj), 
where p and p^ represent the 
pressure upon the mercury and 
the atmospheric pressure respec- 
tively, [It is shown in Figure 
43.3 Insnohacellmercnrypasses 
from the former electrode through 
the electrolyte to the latter. Dee 
Coudres' arranged this cell as 
follows : A column of mercury of 
height d formed one electrode; 
the lower end of the tube con- 
taining it, closed by means of 
parchment paper, was placed in 
a salt solution. The paper was '*'' 
impervious to the mercury as 
such, but allowed the passage of "' 

it in the form of ions. The surfaoe of the second mercury eleotrod« 
■ HtAt A>ai^ 46, 2S3 (1898). 
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was at the level of the parolmieiit membrane. Ttie height of tha 
meicuiy column decreasea by a definite amount when a mol of mei- 
ouiy passes from the electrode under pressure p to the other under 
the pressure p^. The mazimam work thus obtainable may be cal- 
culated, and placed equal to the electrical enei^ inTOlved. The 
work necessary for the transference of the ions through the solution 
may be left out of account. If 200 grams thus leave the column of 
mercury, which is of ^eat height d, the effect is the same as though 
200 grams of mercury had fallen the distance d. The masimum 
available mechanical energy is 200 d gram-centimeters, where d ia 
expressed in centimeters. Therefore, since, according to page 17, 
gram-centimeter units must be divided by 10,19S in order to obtain 
eleetrioal units, 

FQ=200d, 
^ 10198' 

and the electromotiTe force has the value given in the following 
equation : — 

200d .... 



In the following table, experimentally determined values are 
compared with those calculated with the aid of the above equsr 
tion: — 





Pmnu IK on. r oiuktutid 


rromri. 


30 
40 

lis 


7JiXlO-«70lto 
Q.3xl0-«vom 
33xlO-«TOlta 


7.4xlO-*TOlta 

10.5xlO-«Tolta 

21xl0-«voltt 





Considering the difficulty of accurately measuring these small 
values, the agreement must be considered satisfactory. 

In this connection, it is of interest to inquire the value of the 
electromotive force which would be obtained if the above experi- 
ment be so changed that mercury columns of the same height but 
situated at different levels in the solution are used as electrodes. 
If the difference between the levels of the two electrodes is equal 
to d centimeters, will the electromotive force be the same as in 
the former experiment ? As before, by the passage of one mol of 
mercury from the higher to the lower electrode, the following 
I quantity of work can be obtained r — 

W = 200 d gram-centimeters. 
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KererthelesB, in answer to this question, it may be stated that the 
eleotromotire force of the latter must always be less than that of 
the former cell, and that, moreoTer, under certain circamstances the 
direction of the corrent may even be reversed. This is due to the 
fact that the migration downward of the mercury ions necessitates 
the oorresponding migration upward of the negative ions, which latter 
requires the expenditure of work. As long as the mass of negative 
ions migrated upward is less than that of the positive ions migrated 
downward, an etectric current flows through the solution &om the 
lower electrode. When, however, the mass of the negative is the 
greater, work niay be obtained through the migration downward of 
the n^ative ions and the corresponding migration upward of the 
positive ions. In this case the direction of the electric current is 
reversed, t.e. the current flows through the solution from the 
lower to the higher electrode. It is evident that here the trans- 
ference ntuuber, as well as the mass, of an ion plays an important 
part, and, moreover, that a deficiency in mass of a given ion may be 
compensated by a gi«ater speed of migration. 

Recent invest^tions carried out by B. B. Bamsay' on the influ- 
enee of gravity upon electrolytic phenomena have confirmed the 
above conclusions. For example, in the case of a ten per cent solu- 
tion of zinc sulfate, the current flows through the solution from the 
lower to the upper zinc electrode. This would be expected, from the 
fact that while 32.5 grams of zinc are migrated upward in a given 
time, 57.7 grams of sulfate iona are migrated downward. 

After this experience, the fact that when two pieces of the same 
metal, in which respectively the metal exists in different modifica- 
tions, or in which it possesses any difference in phgnoat riructure or 
quality, are dipped into a solution and then brought into contact, an 
electric current is produced, is no longer partioularly wonderfuL 
Thus iron which has been subjected to tension or pressure possesses 
a greater electrolytic solution pressure than ordinary iron. The 
recognition of this fact is of importance in so far as it fumishea 
an explanation for the very active corrosion at certain places on iron 
cables and boiler plates. It may be stated in general that iron which 
has been subjected to an uneven strain, or which has not been tmi- 
formly treated, corrodes more readily than does iron which has been 
treated uniformly ; and, further, that highly polished corrodes less 
readily than unpolished or poorly polished iron.' 

Since the transformation of an unstable form, or a form vhieb is 
> Zttehr. pAv(. CAem., 41, 181 (IDOS). 
* Jakrbwsk der XUUroektMie, ■, SM (IMtt). 
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pToduoed by the acdon of an external force, into the form which u 
stable under ordinary conditions, is a process which takes place 
spontaneously, and which is capable of producing work, the electric 
current always flows in such a direction that the unstable may pass 
over into the stable form. 

4. Finally, ooooentration cells may be produced from gases, or 
aqneoos solutions of different concentrations, as ion-producing sub- 
stance. At the first glance it may seem im- 
probable that gases or liquids, which pos- 
sess no metallic conductance, can serre as 
electrodes. [Nevertheless, by means of a 
special arrangement, such as is represented 
in Figure 44, this end is easily attained.] A 
platinized platinum electrode (Pt) is passed 
into a tube which is afterward closed, so 
that its lower end extends into a liquid. 
The tube is so filled with the gas under con- 
sideration that the platinum plate is for the 
greater part in the gas, the remaining por- 
tion being in the liquid. The pUtinized 
platinum absorbs a certain quantity of the 
gas, and may then be considered as a gas 
electroda The only other part the platinum 
plays in these cells is that of conductor of 
the electricity. Because of its power of 
dissolving the gases the platinum permits 
the change from the gaseous to the ionio 
state, and the reverse, without resiatanoe. Such an electrode, e.j- 
one of hydrogen, belongs to the reversible class, as has been experi- 
mentally shown by Lc Blanc' The quantity of work developed by 
the pass^e of a certain quantity of gas into the ionic condition is 
exactly the quantity necessary and sufScient to produce the reverse 
action. Since this is true, the material of the metallic electrode can 
have no effect upon the electromotive force, and, in fact, equal values 
have been obtained with platinum and palladium electrodes. 

By means of such platinized platinum electrodes, reversible hydro- 
gen, oxygen, chlorine, bromine, and iodine electrodes may be pre- 
pared. By arranging a reversible cell of two such electrodes, using 
as ion-producing material the same substance for each, but in differ- 
ent concentrations, a concentration cell entirely analogous to that of 
the amalgam results. The electrolyte to be used must evidently be 
< ZtKAr. J>Av«. Chew., U, 383 (1S93). 
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one oontaining the same ions as the gas prodQoe& I^ tat example, 
hydn^en be the gas, an aoid must be used ; if oxygen, the coire- 
spondiiig ions of whioh are OH (or ions), a solution of a base 
must form the electrolyte. This kind of a cell is independent of the 
natnre of the electrolyte, except for the above consideration defining 
one of the ions. 

In the calculation of the electromotiTe force of a gas cell, for 
example one consisting of two hydrogen electrodes under the pres- 
sures p and pu the process is the same as with the amalgam cell, ex- 
cept that it mnst be borne in mind that the hydrogen molecule 
oontains two atoms. In the reversible change of one mol of hydro- 
gen from the pressure p topu the maximum work is represented by 

«Tln^- 

The oorresponding ene^y, whea the process is oonsidered as an 
«leotrical one, is 2f4 because one molecule of hydrogen prodaces 
two univalent icms ; therefore 

BT, p 
I =-s— In*-. 

The factor 2 occurs here in the denominatOT, eren thoi^ the equa- 
tion applies in this case to univalent ions. 

If the calculation be made in accordance with the osmotic process, 
using solution pressures as on page 184, the equation is 

F = In — , 

T and Pi being the solution pressures of the gas oorresponding to the 
preesniee p and pi respectively. Evidently the two must be equal, 

ST, p RT. p 

or -TT- In — = — In — , 

29 ft 9 fi' 

and ^In^^lnL; 

2 ft p.' 

therefore ?. = — 5 . 

Pi F," 

That is, the squares of the solutioa pressures are in the same ratio 
as the oorresponding gas pressures. This result is not difficult to 
understand. It may be recalled that f and Pt represent osmotio 
pressures (page 177). If the osmotio pressure p exists in a solution 
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at the one gas electrode whose gas presBure ie p, while at the oiJm 
the osmotic pressure is Fi and the gas pressure p^ there is no poteu' 
tlal-differeuGe at the electrodes. There is a coodition of equilibrinm 
between the gas molecules H, and the correspoodiog ions H'. Whea 
such a condition exists that the undissociated portion H, and the dis- 
sociated portions H'+H' are in eqnilitrium, the concentration of the 
undissociated portion, divided by the product of the concentrations 
of the disMciated portions, is a constant. 



Moreover, the gas and osmotic pressores are proportioiial to tb« t 
centratdon, hence 



and also ^a ^; 



therefore 



F» 



Recently qoantitatiTe measurements of the electromotive force at 
such cells have been made, the results of which are in agreement 
with the predictions. A somewhat complicated case will now be 



A hydrt^en sulfide concentration cell has been investigated by 
Bernf^d.^ Hydrogen sulfide dissociates according to the eqnadon, 

H,S5tH>H8', 

and to an extremely slight extent according to the equation, 

and always in such a manner that an equal number of posildTe and 
negative ions are formed. Hence it is evident that this gas would 
produce no current in such an arrangement as is used for the hydrogos 
concentration cell. However, by means of an artifice, a reversiblr 
hydrogen sulfide concentration cell can be made. 

The following reaction takes place between hydiogea sulfide and 
lead sulfide: — 

H,8+PbS^Pb + 2H8'. 
1 Awftr. phf. Ckem^ U, 46 (I8&8}. 
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If now two lead electrodes which have been oorsred with a thin 
layer of lead snlfide be partially sabmerged in a solation of sodium 
milfhydrate of a definite conoentration and partially enveloped by 
hydrogen sulfide gas of different concentrations, two systems are ob- 
tained which, with the exception of the concentrations of the hydro- 
gen eolfide gas, are identical. Upon connecting the two electrodes 
thus formed by means of a wire, an electric cnirent is obtained. As 
the current passes, the hydrt^en sulfide gas under the greater pres- 
sure enters the following reaction : — 

H^ -I- PbS -> Pb -t- 2 H8' ; 

while at the other electrode, the following reaetaim oocnn : — 

2H8'-HPb-»-Pb8-|-H^. 

Since in this cell negative ions form and disappear, the direetioa <tf 
the current is the reverse of that of the hydr<%en oell. The valnee 
of the electromotive force of the two cells are, however, the same 
when the respective gases are muntained under the same pressnree. 
That of the hydrogen sulfide cell is as follows : — 

It is evident that the nature of metal sulfide forming the elec- 
trodes does not come into consideration, and it would be expected, 
therefore, that the same value of the electromotive force would be 
obtained if, instead of the lead-lead sulfide, silver-silver sulfide or 
bismuth-bismuth sulfide electrodes were used. This conclusion is 
well confirmed by the results contained in the following table : — 



KuDTwon - 


Pb-PbS 


A«-AffB 


lil-BIA 


?!*. = 
''•* 


87.60 87.61 87.44 
15.6e fl.36 12.01 


S5.1 84.6 
4.2 6.2 


37.60 87.60 87.60 
1.71 4.27 2.92 


HDUtoIU oak. = 
MiUiTotta found = 


-11.0-22.4-13.8 
- 8.8 -21.1 -I0.» 


-26.6 -23.7 
-26.0 -21.4 


-88.8 -27.3 -84,8 
-36.8 -25.8 -82.7 



The consideration of a second kind of concentration cell will now 
be tabeu up. 
8. Siffaient CouMutrations of the Ions. — (a) The oombiitation, 

A^ — AgNOt sol., dilute U- AgNO, sol., concentrated — Ag, 

may be eouidered as a ^pe of these odls. In such a oell, where 
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the electrode fomiBhes positire ions, the Giurent always flows 
through the oell (not through the external circuit) £rom the dilate 
to the concentrated solution. Silver is dissolved into the dilute 
solution and precipitated from the other, this process continuing 
until the two Bolutions become of the same concentratioD. That the 
silver ions most precipitate from the more concentrated solution is 
evident when it is remembered that the osmotic pressure here di- 
rected against the solntion pressure is greater than in the dilute 
solntiOD. If the electrodes furnish n^ative ions, then the current 
flows through the cell from the solution most concentrated, to that 
moat dilute, in respect to the negative ions. It wilt be remembered 
that by current direotioa is meant the direction in which the posi- 
tive ions migrate. 

Leaving out of account for the present the potential-difFerence 
irhioh exists at the point of contact between the two Bolutiona, the 
electromotive force of such a cell is given by the equation, 



ST, 



iln^ 



where f is the electrolytic solution-pressure of silver, and P and P, 
are the osmotic pressures of the silver ions in the concentrated and 
the dilute solntion, respectively. Since the solution pressures are 
the same, the formula maj be simplified to 

— ST.P^ 



This expresses the fact that the electromotive fotoe of such a 
oell is dependent only upon the relation between the osmotic pressures 
and upon the vulenoe of the metal ions, and is independent both of 
the nature of the metal and of the n^ative ions of the electrolyte. 

The electromotive force may also be ascertained by the seoond 
method, through calculating the maximum of energy represented by 
the osmotic change vhen one ion equivalent of silver migrates from 
one electrode to the other. For this purpose the conditions of the 
oell before and after the electrolysis are compared. 

If one ion equivalent of silver dissolves in the dilute solution, 
the silver concentration is increased by one ion eqnivsJent, but at 
the same time some silver also passes from the dilnt« to the coDcen- 
tiated solution. If (1 — n,y be the tranafeienoe number of the 
■ilTec, 1 — n. icKi equivalmts leave the dilute solution, and the actual 
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UMjiease in the otmoentntion of the latter when <Hie ioD eqaivBlent 
disBolvea is n. ion equiralenta. The more concentrated solntion 
most evidently have its concentration redaeed by this amount. A 
misratlon of K0« ions also takes place. If n, represent the share 
of transport for this ion, then n^0| ion equiralents pass from the 
oonoentrated to the dilute solution, since the motion ia in the direo- 
tioQ opposite to that of the silvec ions. Consequently 1 — n, ion 
equivalents of silver and the same number of ion eqoivalente of XO, 
move from the oonoentrated solution to the dilate during the passage 
of 96,540 coulombs, t.e. from osmotic pressure P to i*,. The rela- 
tion of the osmotic pressures of the anions as vrell as of the oationa 

is — . The Tork ia caressed by the equation, 

and ,«2i»s^l„A 

On comparing this equation for the electromotive force in the 
case of univalent metals irith that obtained abore, it is seen that 
irhen *>■ = J^, i.& when the two ions have equal velocities of migra- 
tionythe equations become identicaL When this is not the oaae^ a 
poteotial-differenoe exists (see later) at the point of contact between 
the solutitms, and this requires the application of a correction to the 
previous equation ; oonsequently the formula just derived is more 
general in its application. It will be aasiuned for the present that 

".=1- 

The following formula is the most general one : — 

»(va) = n(».iJTln-^, 

or T = ^^BT\u — - 

(T9) -p. 

Heie Tq is the quantify of electricity which must flow throi^h 
the cell in Older to cause % mols of the electrolyte to pass from the 
concentrated to the dilute solution. The highest valency repre- 
sented by the ions in a given case gives the value of v directly. If 
zinc chloride be the electrolyte, t = 2. In the conoentration oell, 

Tl - Tl^, sol., cone - Tl^O* sol., dilute - Tl, 

V is also equal to 2. If the electrolyte be thallium nitrate, v = 1, 
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and §0 on. The number of ions formed from a molecule of the 
electrolyte is n,. 

For dilate Bolutions the relation betveen the ooncentrationB may 
be used, instead of that between the osmotic pressores. For ex- 
ample, in the cell, 

Ag - A«NO, sol., 0.(11 C, - AgNO, boL, 0.001 C,-~As, 
the Talne 10 may be substitnted for — in the eqnation, and the 

Taloe of the eleotromotive force so obtained should agree closely 
with that measured. 
ITemat' measured the electromotive force of the cell, 

Ag - AgNO, BoL, 0.1 C, - AgSO, sol., 0.01 C, - Ag, 

and fonnd, at 18° (, r = 0.066 volt. 

From conductivity measurementB, it was calculated that the ratio of 
the two coacentrations of silver ions, instead of being 1 : 10 was 
1 : 8.T1. Hence the calculated value of the electromotive force is 
as follows: — 

r - 0.000198 X 291 log 8.71 = 0.0M volt 

In this oalcolation it was assumed that the tranaferenee numbers of 
the anion and cation are equal. If the &ct that, instead of the two 
values being equal, the value of the transference number of the 
nitrate ion is 0.63 is taken into consideration, the calcniated value 
of the electromotive force becomes 

w = 0.067 volt 

Hence the agreement between the calculated and the experimen- 
tally found value is very satisfactory. 

The fdlowing statements will serve to give a general idea of the 
magnitude of the nomerical values. Since at 17°, when 

Rf = 2 and n, = 0.6, 

it follows, where the concentrations of the ions to be considered are 
in the ratio 1 : 10 and the metal univalent, that 

w = 0.057S voH. 

> Ztm*r. pits'- CAem., 4, ISO ()8W}. 
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If the ratio of the concentratiooB is increafied to 1 : 100 or 1 : 1000, 
the value of f becomeB twice or three times as great, since f in- 
creasee in logarithmic ratio. 

It may be stated in general, that if a concentration cell inrolTing 
nmralent ions posseHses an electromotire force, 

» aa a X 0.0576, 

under the ocmdilions stated abore, the ratio of its ion concentra- 
tions is, 

If the ion be other than univalent, the corresponding ralnes must 
be divided by the valency. Thus the cell consisting of copper and 
oopper sulfate solntions, in vhich the concentrations of the copper 
ions are 1 : 10, would give an electromotive force of about one half 
that of the corresponding silver concentration celL Measurements 
by Moeer corroborate this statement. 

The equation used above for the calculation of the electromotive 
force, which is scnnetimes known as the Nemst equation, appears to 
bold, not only for aqueous solutions, bat also for solutions in fused 
aalts. At least, Gordon* has measured the electromotive forces of 
different concentration cells of silver nitrate, dissolved in a fused 
mixture of potassium and sodium nitrates, at temperatures between 
200° and 300° t, and found that the values of the electromotive force 
calculated by means of the abore equation, under the assumption of 
complete dissociation, agree with the valnes found by experiment 
He observed further, that when the concentration of tiie silver 
nitrate was greater than ten per cent, the value found by experiment 
-was always less than the calculated value. This indicates an appre- 
ciably incomplete dissociation at this concentration. 

CcmcentratioD cells are involved in most electrolytic work, espe- 
cially in metal refining and in galvanoplastic work. In these cases 
the solution becomes more concentrated about one electrode, and less 
concentrated about the other. When the stirring is insufficient, the 
electnmiotive force of the concentration cell which results may be of 
a ccmsiderable magnitude. Since this force must be overcome by 
the electromotive force of the primary current, energy is thus nn- 
neoessarily lost. Furthermore, disturbances due to the decrease in 
the ion concentration about the cathode may injure the quality of 
the deposition of metal. Concentration cells may even be formed 
1 Zttehr. phyt. Okem., M, SOS (1899). 
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at one electrode alona when the onrrent is not evenly distribated. 
Such cells may m&ke themeelves unpleasantly evident by oausing 
the metal already deposited to Tediesolve in places. This is con- 
firmed by the following simple experiment: If a dilute layer is 
placed above a concentrated layer of stannous chloride solution in a 
test tube containing a rod of tin, it will be obserred that the part of 
the rod in contact with the dilute solution is very soon eaten into> 
while crystals of tin separate out on the part in contact with the 
ooQoentrated solution. The formation of concentration cells at one 
electrode can be prevented hy an efficient stirring of the solution. 

The fact that standard cells can only be used for small current 
densities may now be understood. Because of the slight solubility 
of the meicuiy salts used in them, the concentration of the ions is 
very small. Moreover, the ions removed from the solution by the 
passive of the current are but slowly replaced from the excess of 
solid salt. Consequently, the electromotive force of the cell must 
decrease when it produces a considerable onrrent. While at the 
cathode a state of under saturation is produced, at the anode the 
solution becomes slightly supersaturated. When the cell is allowed 
to remain inactive for a time, the concentrations of the solution 
about tiie two electrodes change spontaneously until the original 
uniform valne is reached. This discussion leads directly to the coa- 
nderation of a second kind of concentration cells. 

b. A type of this kind of concentration cells is represented by the 
combination, 

J^ - A«NO, sol. - KCl soL - Ag (covered with Ag CI). 

In spite of the apparent differences between this and tiie cell last 
described, the two are entirely analogous. In the calculation of the 
electromotive force only the osmotic pressures of the silver ions in 
the nitrate solution and in the solution of the silver chloride require 
to be taken into account The potassium chloride is used merely to 
increase the conductivity of the silver chloride solution. In practice 
a scdntion of potassium nitrate is inserted between the potassium 
chloride and silver nitrate solutions, in order to prevent the forma- 
tion of a precipitate. The equation 



holds good. 
In the oalcnlatioD of w the ratio — - alone need be known. He 
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value of t in this case ia unity. In the nitrate aolntaon the conceit 
tnttioii of the silver long may be known, if a stdution of a certain 
strength be prepared j for if not very dilute, so that complete 
dissociation may be assumed, the degree of dissociation ma; be 
determined. In the case of the solution of silver chloride, the 
concentration of silver ions is not so easily ascertained. On account 
of the slight solubility of the chloride, it is certainly very small. 
By means of the electrical conductivity (page 137), the solubility in 
pure water may be determined. It has thus been found that the 
saturated silver chloride solution at 25° is 0.0000144 normal. In 
such a dilute solntion the s&lt is doabtiess practically all dissociated 
into the ions, Ag' and CI'; moreover, as they are present in equiva- 
lent amounts, the solution is 0. 0000144 normal in respect to sUvet or 
chlorine ions, and the product of these concentrations is 
Ag' X Cr = (0.0000144)' = S» 

when S represents the solubility of the salt. 

Instead of a pure aqueous solution of silver chloride, that of the 
cell also contains potassium chloride. From pE^e 202 it is seen that 
the product of the concentrations of the ions, divided by the con- 
centration of the undisBooiated moleoates, is a constant independent 
of the dilation, or, 

and, since in a saturated solution the imdiaaociated portion most be 
c<msidered to remain constant, the same is true also of the product 
of the concentrations of the ions, or 

C^» X C/^ ^ A. 

When a relatively large amount of potassium chloride is added 
to . a saturated aqueous silver chloride solution, the number of 
chlorine ions is greatly increased, and, in oonsequenoe, a certain 
amount of undissooiated silver chloride must form and be precipi- 
tated, since the solution is already saturated with it If (7 is the 
ooncentratitm of the silver ions tdter the addition, and also that of 
the chlorine ions derived from the silver chloride, while Ci is the 
concentration of the added chlorine ions, then 

C(0+Ci) = S», 
and since Ci is very great compared with C, the eqnati<m may ba 
written at 
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To obtain the ooncentntioD of the ion correBponding to the mate- 
rial of the electrode, the squaie of the solubility S of the salt used 
is divided by the concentration of the other ion, of which an excess 
ia added. Supposing a 0.1 normal potassium chloride solution to be 
used, Ci for oomplete dissociation would be 0.1, but since at tiiis 
concentration it is only about 86 per cent dissodatod, Cy « 0.086 ; 
and therefore 

f,^ (0.0000144)* 
0.086 

Since the oemotic pressures are proportional to the oonoentzationa, 
and the silver nitrate is 82 per ceot dissociated, when the silrer 
nitrate solution is0.1C« the following holds for 26° t: — 



r - 0.000198 X 298 X 1(% 



0.082 X 0.085 
(0.0000144)' ' 



The corresponding value, experimentally determined by Ooodvin, 
is 0.46 volt. The agreement is satis^tory. 

The following arrangement is another example of snob cells : ' — 

Ag-KNO, sol., sat with AgBrO, j 

Ag - KBrO, sol., sat with AgBrO, 1* ■ 

The concentration of the silver ions in the nitrate solution ia nearly 
the same as in pure water, Bince the nitrate yields neither Ag nor 
BrO) ions, and consequently has bat slight influence on the state of 
dissociation of the AgBrOj. The CDncentration of the silver ions in 
the potassium bromate solution may be calculated as before, from 
the solubility of the silver bromate in water and the coucentration 
of the BrO, ions added. When the values so obtained are substi- 
tuted in the formula, 

F = 0.0612 volt for 0.1 C„ 
and F = 0.0454 volt for 0.06 0', 

solution of potassium bromate solution. The experimentally deter- 
mined magnitudes are 0.0620 ajid 0.0471. The current, as before, 
passes through the cell from the weaker to the more concentrated 
solution of silver ions, i.e. from the bromate to the nitrate solution. 
Electrodes in which the metal is in contact with one of its difK- 
coltly soluble salts, and also in the presence of a solution of a soluble 
salt with the same negative ion, were called by Nemst electrodes of 
the second order, or, as regards the negative ions, reversiJjle eteo 

> Ztaehr. phf- Chein., II, 677 (ISM). 
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trodes. Ostwald showed that these are not to be distrngnished &om 
metal eleotrodes in a solution of one of their salts. 

a. A. third kind of concentration cell consists of those in which 
one of the electrolytes is a complex salt. As a type of this class, 
the following combination may be given : — 

Ag - AgNO, Bol. - KCS sol. (+ a UtUe AgCN) - Ag. 

Id the latter solution the complex salt KAg(CN)t is formed, tlie 
iona being K' and Ag(GIf )« '.- This negative ion is in turn dissoci- 
ated to an extremely slight extent into 2(CNy and Ag', and it is the 
concentratioD of this latter silver ion which, in this solution, is to 
be taken into account in considering the electromotlYe force of the 
celL It is evidently somewhat dependent upon the quantity of 
silver cyanide. Since it is at present impossible to measure the 
concentration of this small quantity of ions in the solution of the 
complex salt hy an independent method, it is impossible to calculate 
the electromotive force of such cells. On the other hand, the meas- 
nrement of the electromotive force gives a means of calculatii^ the 
concentration. This is also true, naturally, of the cell previously 
described. 

The oalonlation of the concentration from the measured electromo- 
tive force will now be carried out for the parallel case of the cell,' 

Hg-HgNOj solution, 0.1 Cr ■;. 

Hg — Hg^ dissolved ib }fa,S solution ' 

The value of the electromotive force at IV t was fonnd to be 1.262 
Tolta. Hence, 

1.262=0.000198 x 290 log^, 

where P and P" may represent either the oemotic pteBsnxea, or tiM 
concentrations of the mercury ions in the nitrate and sulfide solu- 
tions. Furthermore, 

log 5^ -21.8, 



Assuming complete dissociation, there are 20 grams of mercnry 
i<nis in a liter, or 1 mg. of ion in 0.00006 liter, of the 0.1 normal 

1 Behrand, ZttOr. jAy*. CAmn., 11, US (1803) ; see abo ZtteMr. phft. Chem., 
U, «» (18H). 
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meronronB nitcate solution. This latter number, multiplied by 10^, 
gives the number of liters of the sodium snlpbide solntion contaii^ 
ing 1 milligram of mercury ions. 

A means of determining the solubility of the difficultly soluble 
salts, and thereby the ion concentration, has already been found in 
the measurement of electrical conductirity. These oonsiderations 
famish, however, a second method far surpassing the first in deli- 
oaoy. In fact, it is exactly at those extremely low concentrations, 
irhere all other methods are without avail, that the advantages of 
(his one are most prominent, since the electromotive force becomes 
higher the greater the difference in the concentrations. In order to 
avoid error, however, what has been said on page 163 in regard to 
tlie capacity of the measuring instruments must be borne in mind. 

Extrapolations such as the above* into the domain of extremely 
small ion concentrations are naturally accompanied with some un- 
certainty, since it is tacitly assumed that the regularities which 
have been found to exist in the case of ions of moderate concentra- 
tion also exist in the case of ions of such small concentrationB. 
Moreover, that the formation of potential and the activi^ of such 
cells can depend upon such slight concentrations of the metal ions 
is scarcely conceivable. It would seem necessary to «scribe an 
active part to the complex ions. Kevertheless, as will be shown in 
the section on the formation of potential at the electrodes, as long 
as it is assumed that the concentrations of the various substances, 
inclnding the ions, are always related in a definite maimer, and are 
in equilibrium with each other according to the law of mass action, 
the calculation of the potential is the same whichever the actual 
process taking place at the electrode may be. Bearing this in mind, 
it may be said that the measured values of the potentials correspond 
to the calculated small ion concentrations. 

Attention may be called to the following important fact: In the 
three cells, — 

J Silver - AgNO, solution, 0.1 C,- ^ 

■ Silver - KCl solution, 0.1 C, saturated with AgCL-I' 
2 Silver — AgNO, solution, 0.1 C.- , 

' Silver — EBr solution,0.1 G, saturated with AgBr.-i' 
„ Silver — AgNOj solution, 0.1 C^ ; 

Silver — KI solution, 0.1 G. saturated with Agl J' 

> Se« die dlscnaeion between Halter, Bttdlaoder, Abegg, and Danned, Zttekr. 
Xhkttoehm., 10, 403, 6M, 607, 600, and 778 (19M). 
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tiw eleetromo^Te foice increases from the first to the third 
oeU. 

This is a oonseqnence of the fact that the silver chloride is more 
solable than the bromide, and this in turn more soluble than the 
iodide, and of the faot that all three salts are practically completely 
dissociated in their saturated solutions. In such cells as these the 
electromodve force is greater the less solable the salt With the 
complex instead of the insoluble salts, as is illustrated by the 0.1 
Dormal potassium eyanide solution, to which some silrer cyanide 
-was added, the electromotive force is the greater the fewer the metal 
ions famished by the salt (in this case silver). If a series of aaoh 
cells be arranged in the order of their electromotive forces, begin- 
ning with the lowest, the order is also that of the solubility, or of 
the decomposition. Each salt in the series will dissolve in, and 
wiU react with, any of the saturated eolations of the cells following 
in the series. For example, silver chloride added to the potassium 
bromide solation forms silver bromide; silver bromide in the potas- 
sium iodide solution forms silver iodide, etc When silver cyanide 
is added to a solution of sodium sulfide, it is changed into silver sul- 
fide because the electromotive force of the cell, 

Silver — AgNO, solution, 0.1 C,^ j 

Silver — Na^ solution, 0.1 C. saturated with Ag^— ! ' 

is greater than that of the corresponding cyanide cell. On the 
other hand, silver sulfide does not dissolve in dilute potassium 
cyanide solution. The reason for this is easily seen when it is 
remembered that the more insoluble or complex a salt is, the 
lower is also the value of the product of the eorresponding ions. If 
to a saturated silver chloride solution an amount of iodine ions (as 
in potassium iodide) be added equal to the chlorine ions present, 
silver iodide must precipitate ; otherwise the product of concentra- 
tion of tiie iodine and silver ions would be greater than its stable 
▼aloe. The concentration of the ions must, then, decrease in the 
only way possible, i.e. by the precipitation of solid silver iodide. This 
precipitation proceeds until the product of the ion concentrations has 
reached the constant value corresponding to the saturated silver 
iodide solution. 

Such an arrangement of ooncentrati(m oeUs is given in the follov- 
ingtaUe:* — 

lOrtwald, Uhrb. dor Mlg. CtumU H, 1, S82. 
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A fer drops of silvflr nitrate aolation were added to the solntioiu 
of ammonia, sodium thiosulfate, and potassium cyanide, respectiyely. 

Evidently the order of such a series may be changed by altering 
the concentrations of the electrolytes added to the silver salts. This 
might be done, for example, by adding a rery concentrated solution 
of potassium chloride to the silver chloride solntion ; the concentra- 
tion of the silver ions would thus be reduced below that of the 0.1 
normal bromide solution, which contains silver bromide. In this 
ease the electromotive force of the chloride cell would be greater 
than that of the bromide, and even if 0.1 normal potassium bromide 
solution be added to the chloride solution, silver bromide would not 
be precipitated ; on the other hand, silver bromide could be dissolved 
in it. Similarly, silver sulphide would dissolve in concentrated 
potassium cyanide solution. 

^. Finally, a concentration cell, which might also be included 
under description a, may be here considered, because of its peculiar 
characteristics. Attenticm was first called to it by Ostwald. A cell 
consisting of one hydrogen electrode in an acid soluticm, and another 
in an alkali solution, the two solutions being in contact, is a oonoen- 
tration cell with regard to hydrogen ions. It has already been 
learned that water is slightly dissociated into H and OH ions, and 
consequently a certain quantity of H itms is present in the alkali 
solution. The electromotive force of this cell is 



ET 



In, 



P being the concentration or osmotic pressure of the hydrogen iona 
in the acid solution, and P, that of the ions in the alk^i. Snppose 
the alkali and add used to be normal solutions. The oonoentratiott 
P of the H ions in the acid solution, when the incomplete disso- 
ciation is taken into account, is about 0.8, and P, may be calculated 
from the measured electromotive force of the cell. In this case a 
considerable potential-differe&oe exists at the smfaoe of contact be- 
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tveen the tro solutiODB, which most be taken into oonsideiation, 
since the snm of the potentials at the electrodes alone is desired. 
With the correction given by Nemst,' the value of a- at 18° is 0^1 
Tolt ; that is, 

0.81 = 0.0577 1<^ ^, 

£=io"-'. 

The concentrations of the hydrogen ions are propcotional to their 
respective osmotic pressures. Then, since 
C=0.8, 

the value of the concentration of the hydrogen ions in the alkali 
eolation is as follows : — 

C=! 0.8x10-". 

TXaw according to the taw of mass action, the product of the hydro- 
gen and hydroxyl ions most, in this case also, give a constant when 
divided by the concentration of the undisaoeiated water, or, 

C(ofH-)xC(ofOH') ^^^ 
C(of H,0) 

The ocHicentration of the undisBOciated water is so great in compari- 
son with that of the ions, that it may be considered as a constant 
Consequently, the product of the concentrations of the two iotu 
must be a constant, or, 

(?(of W) X CCof OH") «. c<m8t 
But the ctmcentration of the hydrc^en ions in the alhali solntlon if 

C? =.0.8x10-" 
and that of the hydiozyl ions, according to the supposition, is 

0=0.8. 
Hence 0x0= (0.8)' x 10-". 

Prom this result, the dissociation of water may be directly ascer- 
tained, for the product of the ooncentrationB of the hydrogen and 
hydroxyl ions in pore water is the same as that of these ions in an 
alkali sfdutim. Hence, for pure water, 

C(of H-) X C(of OH") = (0.8)» X 10-». 
>2tfchr. phfi. CAoM., 14, 1&£ (18M), 
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Bat, in this case, the conoentration of the two iooB ig the sama 
Thecetore, if C represents this coDcentratioo, 

C»= (0^» X 10-", 
or C=0.8 X 10-*. 

In other wordB, pore Tatar is 0.8 x 10"' nc^mal with respeot to its 
hydrogen or hydroxy! ions. The oonductivity measurements of 
Kohlranseh gave 0.75 x 10-'. This is a very remarkable agreement, 
and its Bignificance is made greater by the fact that other methods 
for reaching the same end, as through the study of the hydrolysis 
of salts and the saponifying effect of water, have led to very nearly 
the same value. 

Oxygen electrodes may be used instead of hydn^en, and the cell 
still have the same electromotive force, because the ooncentratioiis 
of the hydrogen ions in the two solutions are in the same relation to 
each other as those of the corresponding hydrozyl ions. This fol- 
lows from the fact that the product of the concentrations of the H 
and OH ions of the solations in the cell is a constant. The fact 
that the platinum does not absorb oxygen as readily as it does hydro- 
gen, and that it reaches a state of equilibrium with the surrounding 
gas more slowly, makes it more difficult to obtain constant results. 
In both oases, tiie cutrent flows through the cell ftom the alkali to 
Uie acid solution. 

It may be repeated here that^ except for the potential-difference 
existing between the solntioDS at their point of contact, the electro- 
motive force of such cells does not depend upon the nature of the 
n^ative ion of the acid, nor upon the positive ion of the alkali. On 
the other hand, when acids of the same molecular concentratiaDa 
are used, the d^iree of dissociation comes into play. The oell 

Hydw^n — Acetic acid solution ; 

Hydrogen — Potassium hydroxide solution ! 

would exhibit a lower electromotive force than the cell of correspondr 
ing concentrations. 

Hydrogen — Hydrochloric acid solution -. 

Hydrogen — Potassium hydroxide solution- ' 

The slightly dissociated aoetic acid contains less hydrogen ions than 
the highly dissociated hydroohloric acid; consequently in the latter 
cell the dUfferenoe in conoentration between the hydn^en ions of the 
acid and alkali solutions is greater than in tiie former^ and then- 
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fore its electromotlTe force is also greater. That the same conrid- 
eretions apply to bases may be safely ooDclnded from the measnie- 
ments vhich have already been made in that diieotioc. 

3. OonMntration SonUs-CelU. — Another kind of concentration 
cell may be formed by combining two simple cells into a double- 
cell. The so-called calomel cell, vhlch is very often used, serres as 
a type of BQch a doable-celL Its combination is as tc^ows : — 

Zn — ZnClt Bolation, cone. 1 

_ y'HgCl solntaon, sat ' 

^HgCl solution, sat , 

Zn — ZnCl, solution, diL '• 

The merooroQS chloride is in excess, and covers the mereuiy. 
This cell differs from the simple cell, 

Zn — ZnCIj eolation, oono. — ZnGl| solution, diL — Zn, 

in lumng the combination, — 

Hga - Hg - Hgci, 

between its two differently concentrated solutions of line chloride. 
Consequently, the prooesses of electrolysis and the electromotive 
forces of such double-oella differ from those of the simpler cells. In 
the case of the simple cell, when 29 coulombs of electricity pass, 
there is a migration of zinc and chlorine ions from one stdution to the 
other, and a simultaneous solution and precipitation of two equiva- 
lents of zinc at the electrodes. In the calomel concentration cell such 
a migration cannot occur. When 2 q coulombs pass through this cell, 
two equivalents of ana dissolve iu the dilute chloride solution, and 
two of mercury separate from the mercurous chloride. Here the 
current always passes from the dilute to the ctmcentrated solution 
within the cell. The mercury ions come from the dissolved merou- 
rons chloride, and those precipitated are immediately replaced by 
the further solution of mercurous chloride. In the concentrated 
solution, on the other hand, two equivalents of zinc separate at the 
electrode, and two of mercury are dissolved. It must be borne in 
mind that when two equivalents of metallic mercury have been pro- 
duced from the solid mercurous chloride in the dilute solution, two 
equivalents of chlorine ions have also been formed; and when two 
equivalents of metallic mercury have changed to mercurous chloride 
in the concentrated solntion at the same time, two of chlorine ions 
have disappeared. When the quantities of the solutions are imag- 
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ined so great that these changea take plaoe withoot sensible influ- 
ence on the concentration, the prooesses mxy be sammarized aa 
follows: Tvo equiTalents of zinc and two of dilorine — that is, one 
ntol of line chloride — hare been tnusfemd from the omcentrated 
Mention to the dilute, while the quantity of merciuT and of merco- 
lona chloride remains unaltered. If the oamotic pressure of the 
zinc ions in the concentrated soloticm be P, and in die dilate soln- 
Haa P^ then the corresponding osmotic pressures of the chlorine 
ions are 2 i* and 2 P,. The maTimnm osmotic work ia easily oalco- 
lated, and is given by Uie equation, 

„2Z. 



The eleetzieal energy is 2 r^, therefore 

2 2a P, 
In general, ' = - — ^~, 

T 9 Pi 

where n, ia the nomber <A ions formed from one molecule (^ the 
electrolyte, and t the number of electrochemical unita s required 
to transfer one mol of the electrolyte from the concentrated to the 
dilute aolntion. It is evident from a compariaon of this equation 
wiUi that given on pa^ 199 that here we have another method for 
the calculation of the transference numbers of an electrolyte. 

p 
From the formula it may be seen that only the ratio p , n„ and 

T have influence on the value of the eleotromotive foroe T. As 
Ostwald predicted, and as Goodwin > experimentally demcoistrated, 
it follows that : — 

1. The meroorouB chloride and mercury of the calomel cell mf^ 
be replaced by silver chloride and silver without altering the electro 
motive force. 

2. Instead of due chloride, zinc bromide or iodide may be used 
when the depolarizer' is a difflcnltly soluble bromide or iodide, 
without changing the eleotromotive force. 

S. The electromotive force of the cell will not be changed if cad- 
mium chloride and cadmiom be snbatitated for zinc ohloride and zinD. 

iZtMAr.pAiri. Chem., It, 677 (18M). 
■ Hm dUBonlUjr lolnble salt U bere oilled a depolarliar, 1 
pnaanoe, the eleotiode la made nnpolarinble lor n 
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4. If the zino and zinc chloride be leplaoed by thallium and thal- 
Ihun ehloride, the electromotiTe force will be coDsiderably increased. 

6. If instead of the chloride of zinc, the sulfate be osed, with a 
difficoltly solable snlfate as depdarizer, the electromotive force 
will be less than before. Whether lead or merouioaa sulfate be 
Qsed as depolarizer can make no difference. The aooompaoying 
tables confirm these statements. For the sake of brevity the eella 
are dee^nated by their solable salts and depolarizers. 



^Gli-B«G1 and ZnClj- AgCl Cells at 25' 



«F«.Z»0], 


OBinTu»K.Il.r. 

orZnOU-HiOl 


OMnTMDE.ll.F. 


K.H.F.uToL« 


0.S -0.01 
0.1 -0.01 
0.02 - 0.008 
0.01 - 0.001 


0.OT87 
0.0800 
0.0843 
0.0661 


0.0767 
0.07B0 
0.084S 
0.0647 


0.0797 
0.0818 
0.0644 
0.0868 



Considering the experimental errors of 1 to 2 ttuHuandthsof a volt, 
the agreement is very satisfactory. 



ZnBr, - HgBr and ZnBr, - AgBr Cells 



IBZ.BI, 


orZii^"-Hf» 


ofZoBr.-W 


K.1I.F. nrToM 


0.2 -0.02 
0.1 -0.01 
0.02 - 0.002 
0.01 - 0.001 


0.0708 
OJ)808 
0.0860 
0X)86S 


0.0798 
0.0802 
0.0S62 

0.0858 


0.0797 
0.0618 
0;0B62 
0.0868 



Through replacement of zinc and its chloride by cadmiom and 
cadminm chloride, the value of the electromotiTe force could not be 
calculated, the concentration of the cadmium ions not being deters 
minable with exactness (by the conductivity method). This is ex- 
plained by the fact that CdCU diBsooiatoB not only into Cd" and CI', 
CI', but probably also, in concentrated solutions, into CdCl' and CI'. 
In dilute solutions, where only the former dissooiatton is consider^ 
able, the valuee calculated agree with those experimentally found. 
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Tica - HgCl C«D» 




armna 


E.u.r. 


CILT. 


o.oin-ojooi« 
«.«e -0.0008 
•.oin~ojMe 


o.un 

«.100 

o.asas 


0.11S 
0.08S 



Tb0 «xperun«iital etron io this caw are g im Uii titan thoae in tha 



IV 
Zii80.-FI>S0.CelIa 



OMn»funa> 


OMnm 


B.lLf. 




OA -O.0S 
0.1 -0.001 
O.0S - O.0OS 


0.0427 
0.0440 
0.0ns 


0.0*68 
0.0471 
O.0fi0e 


V 
ZnSO, - H&8O4 CeU8 


«.n»>^. 


E.1I.T. 


B.H.T. 


OJ-O.OS 
0.1 - 0.01 


0.0«7 - 0.0U 
0.0*6 - 0.088 


0.01s 

0.047 



Tbofonnnla 



ii only applioable vh^i the 8olabU% of the depoUrizet is iosppie- 
oiablo. If, for exunplo, the difficultly soluble mercnroiis olilorid« 
of th« oalomel oel) be replaced by the oomparatiyely easily soluble 
thallium chloride, it must be taken into aoooont thjit the concentrar 
tioas of the nno and the chlorine ions are no longer in the same re- 
lation. Chlorine ions from the ^:T^n1^^^^^^ chloride are thus added to 
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those of the nuc chloride, and from the law of mass aoticm the prod- 
uct of the iaa concentratioiis of the thallium and chlorine in the 
flatorated tliallinTn chloride solution is constant, and more ohlotine 
urns mnst enter the dilute than the concentrated zinc chloride solu- 
tion. Prom this consideration, taking into account the previous 
dedaction, P and P, being the osmotic pressures or the conoentra- 
tiona of the zino ions, ,and P* and Pj' those of the ohlarine iotis, 

2»a=flrinJ+2iJrin^. 

In general, Ywq = nfiT In ~ +n,' STla^^ 

irhere n^ and %' represent the number of cations aod anioDs wliieh 
the molecule of the electrolyte produces, and v the nnmber of 9 units 
oorrespondit^ to the tran^erenoe of one molecule of the electrolyte 
from ^e concentrated to the dilute solution. 

The electromotire force of the cell may also be calculated from 
the electrolytic solution pressures of the two metals coming into con- 
sideration (in the calomel cell, the zinc and metomy). In this case 
the eleotromotive force of the cell consists of four potential-differ- 
ences, existing at the four points of contact between metal and 
liquid. If Fzb And p^ represent the solution pressures of the zinc 
and mercury respectively, and P, Pi, P, and P,' the concentrations 
of the zinc and mercury ions in the concentrated and in the dilute 
BolutioBs, while t^ and th, are the valencies of the metals, then 
taking into consideration the fact that the ciirrent passes through the 
cell' from the dilute to the concentrated solution, the eleotromotire 
force is represented by the following equation : — 






-taS^ + Aln'^ + il 



Thia may be shortened to Uie fona 

Equations (1) and (2) lead to the same result, in spite of their 
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apparent differanoe. In (1) —- represents the concentiatioii relaticm 

"i pi 

of all the D^iatiTe ions of the solatioaa, irhile in (2) pT representB 

that of the oationB of the depolarizer. It must be remembered that 
aatoiated solations of the depolarizer are being oonaideredj oona& 
qaently the product of the conoentratione of all the aniona and cat- 
ions of the depolarizer is a conBtant (the anions of the electrolTte 
and depolarizer being always alike, as in the case of ZnCli and 
HgCl). The separate concentrations are also in a definite relation 
to each other. When, for instance, the cations and anions are (tf the 
same valency, as in the example, their different concentratioas in 
the eolations are inversely proportional to each other. If the anion 
be tnvalent and the cation univalent, the concentration of the latter 
is inversely proportional to the square of that of the former, and so 
on. This explains the agreement of the two equations. 

Vh of the Xleobometer as an bidioator in Titration. — After the 
explanation of the above concentration cells, the interesting use of 
Uie electrometer as an indicator will be easily nnderstood. In order 
to illnstcate this application, consider the concentration cell 

Ag - AgNO, sol., 0.1 C- AgNO, sol., 0.1 C. - Ag, 

the electromotive force of which is equal to zero. If to one of the 
two solutions potassium chloride is added, the difficultly soluble 
precipitate, silver chloride, is formed, the concentration of the silver 
ions is decreased, and an electromotive force is produced in the cell. 
As more potassium chloride is added, the electromotive force of the 
cell increases, at first slowly, then faster and faster until a sodden 
change takes place, and then slowly ^aln. This behavior may be 
at once understood from a consideration of the equation, 



in which P and P" represent the two concentrations of the silver 
ions. If, for example, while P is mMntained constant the value of 
P is decreased to one hundredth of its original value, the electro- 
motive force becomes 

r = 2 X 0.0S76 volt. 

la order to produce this decrease in concentration, it would be 
uecessary to add to 1000 cubic centimeters of the 0.1 normal solu- 
tion of silver nitrate aboat 980 cubic centimeters of a 0.1 normal 
solution of potassium chloride, if both solutions ate completely dis- 
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sociated. The new valoe of P* may be decreased to one hundredth 
of its Tftlne by the further addition of 19.8 cubic oentimeteis, and 
the valne of /* ao obtained may be decreased to the same extent by 
the addition of 0.198 cubic centimeter of 0.1 normal potassium 
chloride st^ution, etc With each suoceBsive decrease in the value 
of P*, the electromotive force of the cell is increased by 2 x 0.0576 
TOlt As follows from what has just been stated, the greatest 
change of the electromotive force with the addition of the potas- 
giom chloride solution occurs when the last portion of silver nitrate 
disappears, or, better ezpreesed, when the concentrations of the 
flUver and of the chlorine ions are nearly equal. The increase of 
the electromotive force with further additions of potassium chloride 
is very slight, being due to the decrease of the silver ions by the 
mass-action effect of the added chlorine ions. When the original 
concentration of the silver is known, this method may also be used 
for the determination of the halogens.' With the aid of two hydro- 
gen electrodes it may be used in acid and alkali titrations.' 

UQUID CELLS 
It has already been stated in the consideration of the concentra- 
tion ceUs that potential-differences occur at the points of contact 
between the solutions. This assumption has been entertained a 
long time, but a clear conception of the origin of such potentials 
did not exist. The Becquerel acid-alkali cell is well known ; two 
platinnm electrodes connected together are placed one into axAA 
and the other into alkali solution. That in the acid becomes posi- 
tively, and the other negatively, charged ; the potential-difference, 
varying with the conditions, often amounts to more than 0.6 volt. 
Formerly the source of this electrical energy was erroneously 
thought to be in the heat generated by the neutralization of the 
acid and alkali. As previously explained, this ie practically a con- 
centration oelL Oxygen of the air ia present at the two electrodes, 
and in the acid solution there are few, while in the alkali there aie 
many, OH ions. Since the electrodes are of ordinary platinnm 
instead of being coated with platinnm black, it is easily explicable 
that the electromotive force of such a cell is variable. Ordinary 
platinnm does not absorb oxygen to a very great extent, so that the 
condition of equilibrium which should be established, in which the 
ooncentiation of the oxygen dissolved in the platinum corresponds 

1 ZUthr. phvs. Cheta., 11, 4« (1863). 
■ Zfchr.pky: Ckem., M, 268 (1897). 
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to the pressnie of the Burrounding oxygen, aa in the caae of plati- 
nized platinom, is practically unrealizable; ccmseqnently the cell 
has an uncertain and varying value. This oetl cannot generate a 
perceptible cnrient, because the quantity of oxygen absorbed ^Jy 
the electrodes is very small, aod, being exhausted, is replaced by 
that of the air only very slowly. The presence of other gases, such 
as hydrogen, also has an influence upon the eleotrconotiTe force of 
this cell. 

We are indebted to Nemst' for satisfactory explanations of the 
phenomena of these liquid cells, their theory having been developed 
by him. If a aolntion of hydrochloric acid, for example, be placed 
in contact with a more dilute solution or with pure water, the acid 
will diffuse into the water. The hydrogen and chlorine ions of the 
acid are, to a oertain extent, independent particles capable of mov- 
ii^ with different velocities from places of higher osmotic pressure 
to those of lower. Since the hydrogen ions migrate more rapidly 
than those of chlorine, the foremost of the diffusing ions are hydro- 
gen, and since these possess positive charges, the water or the dilute 
solution as a whole exhibits a positive, and the stronger solution a 
negative, charge. Owing to the mutual attraction of the positive 
and negative chaises of the hydrogen and chlorine ions, this sepa- 
rating i^ocesB does not actually take place to any measurable extent, 
the hydrogen 'urns are delayed^ and the chlorine ions increase their 
speed, BO that a condition is reached in which both migrate at the 
same rate. The electrostatic attraction, as well as the potential 
difference between the solutions, exists until both solntions are 
homt^neous. 

The unequal veJocities of migration oflAe ions are therefart the cavm 
of the potential-differences at the contact surfaces of differentiy eoncen- 
trated sclutiona. 

If the n^ative ions have the greater velocity of m^^rataon, the 
more dilute solution will evidently be negative to the concentrated. 
In other words, tAe dilute solution aboays presents the elealridtg of tte 
more rapidty moviitg ion. 

Moreover, it is thus not only possible to foresee the nature of 
the potential-difference at the point of contact between two liquids, 
but also in many cases quantitatively to calculate the magnitude 
of such potential-differences, and to prove the calculations by actual 
experiment To illustrate this point, two differently cimcentratod 
solntions of an electrolyte, consisting of two univalent ions, may 
be im^ined in oontact Let (1 — n.) be the share of the transport 
1 ZtsehT.pkvs. Okmi., 4, 129 (18SQ). 
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of tlie positiTe ion, and oooseqitetitly n, that of the negatiTe. The 
qiuuitity of electricity- o is now coBdaoted thmugh the m>lvtiona from 
the concentrated to Ae dUvte, then (1 — n.) positive gcam-iooa pass fmn 
the eoncentrated into the dilute, and at the same time n, negative 
gram-jona from the dilate into the concentrated solation. IJet P 
repiesMit the ctmoeatration of the positive and negative ions in 
the concentrated solation, and Pi the same in the dilute Bolntion. 
The mftximiiTii work, the prooesa being completed oamotioallf, ia 

F"=(l-n.)«rinJ-»,BTln^ 
or Tr=(l-2n,)flrin^ 

or if n, be leplaoed by — ^ — , n, being the velooi^ of migratatm of 

Oi + d, 

the positive, and v, that of the negative, ions, 

beconse v^=W. 

If n, be greater than v^ the electric cnrrent passes from the con- 
centrated to the dilute solution in the cell itself ; if u. be greater 
than Va the corrent passes in the opposite direction. If, finally, 
u. = ?„ no potential-difference exists between the solutions, and 
oonsequentiy there is no cnrrent 

iNemst constmoted snoh liquid odls so that the potential ob- 
served was only that appearing at the point of contact of two solu- 
tions, and oompared the experimentally determined values of the 
electromotive force with those calculated from the equation derived 
above. The following arrangement was used : — 

Hg-Ed solution, 0.1 0„ sat with HgCl - 

J. -KCl, 0.01 a, " 

• L -HCl, 0.01 C„- — : 

^ -HCl, 0.1 C„- '• 

V -KOI Bolution, 0.1 C„ sat with HgCl-Hg. 

Sinoe the two ends are identical, the potential-differences ooootring 
there neutralize each other, and therefore only those differences at 
the four oontapt points 1, 2, 3, and 4 are to be taken into acooont 
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It is to be obserred that, as fir sa experience has gone, tiie rnla 
holds alao foe liquid cells that oidif tMe ratio, not the abadhde ra/iie* of 
Ae o&nujtU prt a tu r ea, tomet mto foiuidmiKdN. (Nernsfa principle of 
mperpoflition. Each B^stem may be imagined to be formed from 
tbe odien by means of »-f(Jd anperpoaition.) Therefore the poten- 
tial-difference of 2 is equal and oppositely directed to that of 4. 
Thus the potential-differences at 1 and 3 alone remain, and may be 
ealcolated from the abore formula. If tj', and u'. are the velocitiea 
of migration of the potassium and chlorine ions respectiTely, whUe 
u", and c". (= u'. becaose the negative ions are the same) are the 
migratioa velocitieB of the hydn^n and chlorine itms, then the mm 
of the potential-differences is lepreeented by 



therefore 



^ / o', - p'. o", — p".' \ -Rr j^ p ^ 

"^u',-|-o'. tJ",-t-ijV 9 -^1 



P and P\ are the osmotio pressures or concentrations of the po- 
tasflium and chlorine ions in the concentrated and dilute potassinm 
chloride BOlutiooB, P' and P^ the corresponding raluea of the hydro- 
gen and chlorine ions in the corresponding hydrochloric acid soln- 
tions. The actual measured potential-difference was — 0.03£7Tolt. 
The negative sign is used, since the current in the cell flows in the 
direction 4 to 1, and since, in the calculation, it has been considered 
{MMitive when it passed from the concentrated to the dilute potas- 
sium chloride solution. The potential-difference resulting from cal- 
culation by the formula, taking into consideration the incomplete 
dissociation of the substances, differs from the above by about four 
to five per cent. 

The equation (a) only permits of calculation of the potential-dif- 
ference at the points of contact of two differently concentrated 
solutions of one and the same binary electrolyte. If it is desired to 
make it applicable to electrolytes whose ions have different valen- 
cies, it takes the form 

T representing the valenoe of the positive and V Uiat of tiie nega- 
tive ion. 
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If two different electrolytes are in contaot, as, for instance, 
potasBium chloride and hydioohloric aoid, tlie calculation is more 
difficult. Only for the case in which the total concentration of ions 
in each of the two solutions is the same, the folloving simple e^- 
presaion holds : — 

where u'e and v'^ are the migration rates of the ions of one electro- 
lyte, v", and u"a those of the other. The electromotiye force is here 
independent of the ratio of the concentrations. 

The calculation ia still more difficult when one of the electrolytes 
cantains polyralent ions. If all the ions of the two solutions of 
Innary electrolytes are polyvalent and of the same Talent^, then 
when the ion concentrations are the same, 



ST 



hi ^'; + '^''' - (d) 




It is worthy of special attention that in general there can be no 
arrangement of solutions in an electromotive series such as Volta 
formed for the metals. This is evident from the fact, already men- 
tioned, that such solution cells as the one measured by Nemst (see 
pf^es 219 and 220) produce a current. A circuit 
consisting of metals only, at a common temperar 
ture, does not generate an electrio current. If, 
on the other hand, the solutions of the above 
cell, without the. mercury and the mercnrona 
chloride, be arranged in a circuit as shown in 
Figure 45, an electric cnrrent is obtained whose 
electromotive force is that previously calculated. yia. a 

The existence of this current may be demon- 
strated by its powei of induction, and it lasts until the concentra- 
tion of the various iona ia the same throughout the syatem. 

The law of electromotive aeries applies only to differently concen- 
trated solntions of the same electrolyte in juxtaposition. That it 
holds in this case may be shown by adding the potential-differencea 
occurring at the different points of contact, and comparing the sum 
with the potential-difference actually observed between the first and 
last solutions placed directly in contact. The intermediate members 
of the series are thus shown to play no part. 

In considering concentration ceUs, such conditions were usually 
choaen that the potential-differences occurring at the contact pointa 
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of ihe Bolntions wen negligible.' Under suoh eiroatnatancea the elee< 
tromotiTe fotoe as prerioosly giren, for a cell in which the metal 
Alectrodes dip into the two differently conoentratod aolntioBa of th« 
salt, is 

This equation iraa obtained hy adding the potentdal-differencea exist- 
ing at the electrodes — that is, with the application of the idea of 
electrolytic solutioa pressure. In the addition the solution pree- 
snzes were cancelled from the equation, as they have the same value 
for the two similar electrodes and are oppositely directed. 

It was also found possible to obtain the value of f, without any 
assumption of solution pressure, by the 80«alled purely enei^etio 
method. It was only necessary to take into account the condition 
of the system before and after the passE^ of a certain quantity of 
electricity, without attempting to understand why a potential-differ- 
ence and electric current are manifested. The maximum work 
obtainable osmotically by the change of the system from its original 
to its ultimate state is calculated, and this maximum is considered 
as the equivalent of the electrical ene^y obtainable from the process. 
The values of f calculated in both ways ^reed without exception. 

It remains to be seen whether, when a potential-difference ooonis 
at the point of contact of the liquids, the two methods of calcnlatitm 
still yield the same result. For this purpose, the following concen- 
tration cell is selected : — 

Zinc — ZnClf solution, ooneentrated 1 

Zinc — ZnCl) solution, dilute- J* 



1. CkUctUation of r by means of the ekctrolytic tolvHon preasttn. 

The electromotive force of the cell consists of three potential- 
differences, namely, the two at the electrodes and that at the pcdut of 
contact between the two liquids. The sum of the first two is 



^ 



'.+'.-'«.=fi.>^. 



where Pand Pi are the oemotic pressures of the zinc ions in the con- 
centrated and dilute solutions, respectively, the corresponding pree- 
sores of the chlorine ions beit^; 2 P and 2Pi. 

> For a deaoription of a naaaa for attaining tU« end, me Zuekr. pkgt. Cken., 
14, 146 (1807). 
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Hm third potential-diff«reiioe ia calculated aocording to th« 
fozmnla (6), and 1b 

0, + D, Q P,' 

wheie u, and tr, are the velocities of ntigiation of tite nnc and 
chlorine ions. The sum ot r^i^.^ and r, is 

or if the transportation ratios are intzodnoed, n. = — > — 
■ndl-«.=i-Hs_-, 



F, most be snbtraoted from r^^ as indicated, sinoe the oalonlatiost 
of T, presupposes the direction of the positive onnent from the oon- 
oentcated to the dilute solution within the cell, while with v^^ the 
current passes in the opposite direction. 

2. CoIcuIoMon of r by meant of Ihe princ^plea of energetics. The 
process is exactly that outlined on page 198. If 2 g be allowed to 
pass through the cell, an ion-mol of zino passes into the dilute, while 
the same quantity is deposited from the concentrated, solution. In 
additdoa, the quantity (1 — n^ ion-mols of zinc passes from the dilate 
to the concentrated solution, (1 — nj being the transference share of 
the zinc ions. The dilute solution is now richer by n. ion-mola of zine, 
-while the concentrated one has lost this amount. Simultaneously, 
however, an amount of chlorine ions equivalent to the n. zinc ions 
has also passed from the concentrated to the dilute solution ; conse- 
quently the quantity n, ion-mole of zinc and its equivalent of chlorine 
ions have been moved from the concentrated to the dilate eolation. 
'Tbio m^Tjtim^ oamotio work corresponding to the zino ions is 



«ad dnce there are two chlorine ions to eaoh dno ion, it hM for Uii 
ehlorine ions the valne 

ir"=2B. firing, 

or, added together. W=3'n,STbi^. 
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The electrical energy is 2 fj, and then/ton 

29 Pi 

which is the same as the equation derived above. 

This ^reement in the methods gives also a metOiod for detetmin- 
ing the magnitude of potential-differences at the contaot points of 
liquids. It is only necessary to calculate, as above, the sum of the 
potential-differences occurring at the two electrodes, and aubtiact it 
from the actually measured electromotive force of the whole cell, to 
obtain the desired value. 

Finally, it should also be mentioned t^at the electromotive force 
of concentration cells may also be calculated I7 means of an appli- 
cation of the principles of energetics to processes other than the 
osmotic process used in this book. For instance, the process of 
isothermal dietillatioii, first used by Helmholtz,' is well adapted to 
the calculation of the eloctromotive forcea of concentration cells. 
In making use of this process, a knowledge of the vapor pressures of 
the differently concentrated solutions is essential. 

On the whole, the process involving osmotic pressures is to be 
preferred in the case of dilute solutions because the requisite knowl- 
edge of the osmotic pressure, or the proportional concentration of the 
ums, is readily available. 

GENEBAL CONSIDEBATION OF CONCENTBATION AND 
LIQUID CELLS 

All the cells thus far described have the common characteristao 
that their dectrical energy is not generated from ekendeal energy. In 
every case there was simply a passage of material from a higher 
to a lower pressure, and whether it be gas or a dissolved enbstanoe 
which undergoes this change, the process does not affect the internal 
ene^y. The work done does not therefore come from the internal 
energy, but is derived from the heat of the surroundings. Conse- 
quently die galvanic ceOs thva far amaidered are reaQy ■auuAxneB/or 
troMforming the heai of their Kurroundinga into ^ectrical energy. 

According to the generally applicable formula of Helmholtz (sea 
page 173), 

1 Wled. Ann., S, SOI (1878), and 14, «I (1881). 
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In the present case Q, tlie heat generated b^ the chemical reaction, 
ifl zero ; tlierefore 

w = 97^; or 2 = ^; and r= T^. 
- * dT T dT dT 

This, on integration, gives 

In F = ln Z'+itor-= k. 
T 

'Sba change of the eleotromotiTe force of these cells witii the tem- 
peratoie is determined by the relation existing between the eleotro- 
motive force and the corresponding absolute temperature. The 
eleotromotiTe force itself is proportional to the absolute tempera- 
ture. When in aotivity, the cell cools itself and takes up heat from 
the surroundings. 

The same conclusions ace reached on proceeding in still another 
vay. The electromotive force of one of the previouslf mentioned 
conoentiation or liquid cells is, in general, 

from which ^= x^ hi ^. (6) 

On differentiation vith respect to T 



is obtained, if x and In — for " idecd " solutiims are considered as 

practically independent of the temperatore. 
By combioation of (&) and (c), 



r dT 
is again obtained. 

It will be well to bear in mind that the electromotive force is cmly 
correctly calculable by this method when tiie solutions are so dilute 
that the laws of gases are applicable, for it is upon this assumption 
that the maximum work is estimated. As a matter of &ct eolations 
are often used which, on being mixed, generate considerable quanti- 
ties of heat, and are therefore far from being ideal solutions. For 
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mch tolationx the Q of Hfdmholtz's fosmul* is endoidf not nto, 
and the raUtion, 

T dT 
nolongmboMB good. 

It is, tlien, to be noticed that the Helmholtx eqnation in its abon 
form applies oalj when the chemical proceas lesolting from the 
passage of a definite quantity of electricity is not a function of the 
tempeiatore. This is, however, not the case for meet concentration 
or liquid cells, sinoe the transference nnmber i^ and, among other 
properties, also the valence t, is a fnnction of the temperatore. For 
this reason, the quantity x which appears in the second equation 
derived cannot be considered as independent of the temperature. In 
agreement with these considerations it is found that the electro- 
motive force of such cells in general is not at all proportional to the 
absolute temperature. 

In still another respect the application of the Helmholtz equation 
is of interest. Generally the electromotive force of a cell cannot, aa 
has often been emphasized, be calculated from the value of its heat 
effect alone. In the following case, however, the electromotive foroe 
can be so calonlated, or, more strictly speaking, the value of 

dr 

which, together with the value of Q, must be known in order to cal- 
culate F, may, in the case of many concentration cells, be calculated 
directly from the value of Q. This has been shown by van't Hof^ 
Cohen, and Bredig.' 
Consider the concentration cell, 

Hg, Hg^Oe solid, - Na,SO^ saturated---, 
Hg, Hg;80„ solid - Xa^O*, 0.25 C^ J" 

It is evident that the electromotive force of this cell will be equal 
to zero at the temperature at which the saturated solution of sodium 
sulfate is 0,26 normal. If at this temperature, which is — 16.2° t, n 
current he allowed to pass through the cell, sodium sulfate goes 

1 ZUcAr. pkyt. Ckent., IS, 463 (1896). Ai baa been mentioaed 1>j Nemst, 
hare tiao the modified Helmholti eqnatioii, 



It be UMd baoaoM of the varialHlitj ol «.• 
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into BolTitioD aa one side and separates on the other. The value of 
Q is easily calonlated from the heats of solntion and dilution of the 
salt. The following form of the Helmholtz equation may now be 
applied : — 

If this value of - 

a J' 
of r at 0°t is obtained. With the aid of titis ralne and the exaet 
ralne of Q at 0°t, the value of 

may be calonlated. X^ further, the average of the two values 

be multiplied by 16.2, a more aocnrate value of r at zero is obtained. 
By a repetition of this calculation the value of r at Oft becomes 
more and more nearly oorreot. The value of the electromotive force 
obtained experimentally agrees well with the value calculated in 
this manner. 

It is especially evident from this example that it is not in harmony 
with fact to consider the heat of solution, or of dilution, etc., exclu- 
sively as the source of the electrical ene^y, for, at —16.2° for 
example, the heat of solntion of sodiom sulfate is very great, while 
the electrical energy is equal to zero. On the other hand, there is a 
elose relation between the temperature coefficient of the electro- 
motive force and the heat of solution. This appears accountable 
Then it is considered that the heat of solution is closely related to 
the temperature coefficirait of the logarithm of the concentration, and 
that the electromotive force depends upon the latter value. 

Id the concentration cell, 

Hydrf^n in platinum black — alkali solution- -« 

Hydn^n in platinum black — acid solution >' 



the electromotive force depends principally upon the difference 
between the concentrations of the hydrogen ions in the two solutions. 
When the cell is in operation, the neutralization of acid and base 
takes place, not at tiie point of contact of the two solutions, but at 
the electrodes. The electromotive foioe of this cell can be calculated 
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horn the beat efEect of the process, i.e. the heat of neatralintion, 
only with the aid of its temperature coefiQcieot. 

THERHOELECTRIC CELLS — THE ELECTROMOTIVE SERIES 
In connection with the foregoing a few words may well be devoted 
to thermoeleotrio cells. Heat is here subjected to a ttanaformation 
into electrical enei^ caused by a difference of temperature. On 
the oUier hand, in the concentration cells heat at a constant tem- 
perature is changed into electricity, accompanied by the simnltaneoos 
passage of a substance from a higher to a lower concentration. This 
cannot be considered as contrary to the second law of thermody- 
namics, because, aocording to this law, it is only in a cydicai proceaa 
that DO heat at constant temperature can he chained into work. In 
other processes such a transformation may well occur. 

The potential-difference at one electrode may be expressed by the 
equation, 

V(| P 

and is aooordingly proportional to the absolute temperature. The 
arrangement 

Zn — ZuSOf solution, — Zn 

will produce no electrical ene^y at constant temperature, since the 
two potential-differences of such a cell are equal and oppositely 
directed. But if one of the contact points between electrode and 
Bolation be warmed, the corresponding potential-difference changes 
and an electric current is produced. As the potential-difference at 
the point of contact between two solutions is also proportional to the 
absolute temperature, it is immediately clear that the following 
cryolioal arrasgemeat should produce an electric current: 

Solotion Q at T, — Solution 0, at T, -, 

Solution O, at 7", - Solution Ct at T, '•' 



Here Ci and (7, represent the concentrations of the solutions. 
Since the osmotic preaawe, the aolvthn pmaure, and trana^renee 
nvnb^ra are functions of the temperature, the electromotive force of 
a thermoelectric cell cannot be calculated in a simple manner. For 
further considerations of this point the reader is referred to tiie 
original work of ITemst,' in which this theory was first developed. 

Another kind at thermoelectric cell is that discovered by Seebeok 
' ZtKhr.pkyt. Chem., 4, 169 (1889). 
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in the year 1821, in -vliich only oondactors of the first class enter. 
The following arrangement represents such a cell : — 

First metal at Tj — Seoond metal at T, ; 

First metal at T, — Second metal at T^ '■ 



These cells are of special importance since by means of them the 
numerical valnes of the potential-differences betreen the metals 
may be determined. 

Since a thermoelectric cell generates an electric current only by 
the change of heat into electrical energy, the equation given on 
^ag& 226 applies : -~ 

-and this applies equally well to the combination as a whole as to 
the indlTidnal potential-differences, since a cell can always be oon- 
oeived in which there exists only the potential-difference oonsidered. 
It is, therefore, only necessary to know the change of the potential- 
difference with the temperature j-—j at the point of contact be- 
tween two metala, in order to be able to calculate F,.or the poteutial- 
difFerence at the temperature T. The value of -^ may be directly 

obtained from the electromotiTe force of a thermoelectric cell con- 
sisting of the two metals in question, the temperature at one contact 
point being T, and that at the other T + dT. If the temperature 
T is common throughout, the electromotive force is zero, as the 
two potential-differences are equal and opposite. It is only because 
one of the potential-differences may be changed by a temperature 
change that the electromotive force assumes a certain value, namely, 
that of the alteration in the potential-difference. From the formula 
it is evident that if dTisunily, the electromotive force of the cell is 
Tdv. 

The values of f, calculated for pairs consiatiug of the most widely 
differing metals at the ordinary temperature, are very small, and 
amount, even in exceptional cases, to but a few hundredths of a volt. 
In the preparation of thermoelectric piles the latter metals or alloys 
are especiiUly valuable. A notably high electromotive force, namely, 
from 0j2 to 0.3 of a voll^ results from the combinaticm, 

Copper sulfide — Copper, 

if the point of contact is heated to about 500° t 
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It maj be woDdered whether or not it would be possible to pro- 
dnce electrical energy commercially by means of thermoelectric 
piles instead of steam engines. In each case, the process which 
famishes the energy is the passage of heat from a higher to a lower 
temperature. The maximum efficiency may, in each case, be calcu- 
lated in the same manner with the iud of the second law of ener- 
getios. The pile equals the steam ^igine in simplicity and excels 
it especially in that it may operate through a greater temperature 
difference. As a matter of fact, there is a possibility of makii^ 
such a change from the steam engine to the thermoelectric pile, 
even if at present it is not feasible because of the expense of con- 
struction, of the great loss of beat by conduction, and of the con- 
sumption of a part of the electrical energy produced (which means 
that the quanti^ of work obtainable from this electrical energy is 
decreased) in orercoming the great internal resistance of the pile. 
Furthermore, recent experiments seem to indicate that the problem 
of transforming heat into electrical eaergy in this manner is not at 
all hopeless.' 

The results of the calculations of the electromotiTe force which 
have been carried out are in good ^reement with the asenrnption, 
made earlier, that the chief source of the electromotive force of a 
cell is the contact surface between the electrode and electrolyte. 
It seems, however, upon a closer consideration of actual measure- 
ments, that the deduction iteelf Is not satisfactory, at least in some 
oases; for the measurements show that the electromotive force is 
not always, but only in the ease of certain metal combinations and 
within narrow temperature limits, proportional to the absolute 
temperature. 

Many thermoelectric couples show socalled reversal poiute, i.e. 
their electromotive forces decrease with rising temperature, finally 
becoming zero. The current then changes its direction. Other 
processes besides those assumed must, therefore, take place at the 
point of contact of the two metals. 

At all evente, there is no reason for supposiag a considerable 
potential-difference to exist between metals ; while, on the oontraiy, 
the existence of slight potential-differences has been shown to be 
probable. 

The law of the electromotive series must evidently apply to the 

minute poteatial-diflerenoes existing between the metals themselves. 

A oell oompoeed of only two metals cannot, therefore, generate an 

electric current when the temperature is the same throughout. 

1 ZHekr. meiOroehemU, 9, Dl (1903). 
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This eonoliuion is necessitated hy the second law of eneigstdos. 
Otherwise any desired qoanti^ of heat at constant temperataTs 
oonld be changed into electrical eneigy without any permanent 
alteration taking place in the system ; which ia eqniTolent to saying 
that a cyclical process may continoally change heat into work. 
That this electromotire series exists does not explain that discor- 
end by Yolta, since in the latter the foroea are very nrnch greater. 
Volta thought that the potential-difference now ascribed to the sur- 
face between liquid and metal was really produced at the contact 
ptnnt between the metals. To corroborate bis conclusions, the exist- 
enoe of a similar law goreming the poteutial'diffeTeaceB at the 
surface between metals and liquids must be demonstrated 

In the following pages it will be seen that^ theoretically, a certain 
definite potential-difFerence exists between a metal and an electrolyte. 
If, for example, zino, in contact with an electrolyte whose potential 
is zero, exhibits a potential of 3, while that of cadmiom is 2 and of 
copper 1, then, according to the electromotive series, the potential- 
difference between zino and copper must be equal to the sum of that 
between zinc and cadmium and that between cadmium and copper. 
As this is actually the case, the law of electromotive series may be 
considered corrects 

The eleotromotive series is roughly applicable to galvanic cells. 
The arrangement, 

Zn — ZnSOi solution — CdSO^ solution Ny^^ 
Cu — CuSO* solution — CdSOj solution/ 

in aooordance with this law, should exhibit the same aleotiomotive 
force as the arrangement, 



Zinc — rinc sulfate solution- 

Copper — copper sulfate solution— 



if the concentrations of the zinc and copper sulfate solutions are 
the same in both cases. This is, however, only exceptionally the 
case. Because of the potential-differences which exist in most 
cases at the point of contact of two liquids, the law is only approxi- 
mately true. That the law applies to simple liquid cells only in a 
certain definite esse, has already been mentiimed. 

CHEMICAL CELLS 

The cells thus far described, in which the electrodes are always of 

the same nature, may in most cases be characterized as coneentratum 
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ccSf. To be diatingaished from these cells are tho«e la wbldi the 
eloctrodea are different and in which chemical energy is tiansfwmed 
into electrical energy. They ma; be called cheatioal ceUt. A type 
of tiiis latUc eUsa is the well-known Daoiell cell. 

Zinc — ZnS04 solntion . 

Copper — CnSO* solution ' ' 

When in activity, zinc passes from the metallic into the ionic, and 
copper from the ionic into the metallic state. In this process (in 
otmtradietinction to the ideal concentration cells) a change in the 
internal ene^y of the system takes place, and this difference in 
energy may be considered as the principal sonroe of the electrical 
energy prodaced. Instead of the change of positive ions to metal at 
one pole, and the metal to ions at the other, the negative ions may 
also perform this process. The cell, 

Oxygen (platinized Pt) — KOH solution- , 

Chlorine platinized Pt) — KCl solution '•' 

causes hydroxyl ions to be produced in the alkali aolution and 
chlorine ions to change into molecular chlorine in the potassium 
chloride solution. (The current and process may be reversed under 
certain circumstances.) 

Finally, positive ions may form at one electrode aimoltaneously 
with the negative ions at the other. An example is seen in the 
combination, 

Zino — ZnS04 solution 1 

Chlorine (platinized Ft) — KCl solution '■' 

It is also well to remember that in aU such cells there is always a 
small potential-difference produced at the surface of contact of the 
solutions. 

As already noted, the electrical energy may be calculated by the 
Helmholtz equation, from the heat generated by the chemical pro- 
cesses and the experimentally determined temperature coefficients 
of the electromotive force. The cell during activity yields as eleo- 
trioal energy the maximum work obtainable through the change 
which takes place in it. This work hears that relation to the heat 
of the chemical reaotious measured in the calorimeter which is given 
by the Helmholtx equation. As this equation shows, there may be 
elements in which the chemical or internal energy change is exactly 
equal to tba electrical energy obtained. These may be consideied 
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as maohineB whicli, in their action, will change all the energ; put 
into them into another energy form. There are, secondly, cells io 
-which only a portion of the chemical energy is transformed into 
electrical energy, and these may be looked upon as machines which 
transform only a portion of the energy introduced into another form 
of available energy, while the remainder is lost as heat. A third 
kind of cell is also known, by which more electrical energy is pro- 
duced than corresponds to the chemical reactions taking place, and 
such elements may be considered as machines transforming not only 
the applied energy into work, but absorbing and changing into work 
the heat of the surroundings. Imagine in this last class the amonut 
of work which really cornea from the heat of the surroundings con- 
tinually increased; cells are finally reached in which (as in the 
concentration cells) the internal energy remains unaltered and the 
electrical energy is derived entirely from the heat of the surround- 
ii^B. It then becomes a question whether or not these are to be 
designated chemical cells. From these remarks it may be seen that 
a sharp line of demarcation between the chemical and other cells 
does not exist, but one form gradually passes over into the other. 
The distinction is justifiable in so far as the chemical reaction is the 
chief characteristic of the cells. 

The influence of concentration changes in the electrolytes of any 
cell upon the electromotive force may be predicted from the princi* 
pies established for concentration cells. When, for example, the 
Daniell cell is in operation, zinc ions enter the zinc sulfate solution 
and copper ions separate out from the copper sulfate solution. If 
now the concentration of the zinc ions be increased, it is evident 
that zinc ions can less easily enter the solution. The electromotiTe 
force is, therefore, diminished. If, on the other hand, the ooncen- 
tration of the copper ions be increased, the deposition of copper ions 
is facilitated, and hence the electromotiTe force is increased. 
Finally, if the concentrations of the ions in the two solutions 
are changed equally, the electromotive force remains unchanged, 
since the effects produced at the two electrodes compensate each 
other. 

In general the rule holds, that the electromotive force of a cell is 
decreased when, at an electrode, the solution is made more concen- 
trated in respect to the ions which this electrode sends into the 
solution daring the activity of the cell. On the other hand, the 
electromotive force is increased when the concentration of the ion 
which separates at the electrode is increased. For example, when 
both solutions of the cell, 
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Zinc— Zinc snlfate aolntion 

Chlorine — V.jdxoch\ana acid sidntioD— . 



an diluted, the etectromotive force is iDcreaaed. 

The magnitode of the change of the potential-diffennoe or of th« 
total electromotivfl force may be calcniatod diractly from the eqnalion 
wbieh applies to conoentration cells : — 



If, for example, only ntuvalent ions are involved and at one elec- 
trode the ion conceotratioD 1 Dormal is replaced by the ion concen- 
tration 0.1 normal, the change in the electromotive force is equal 
to 0.0575 volt at 17° ( (see page 200). These concloBions have been 
finely confirmed by experiment. 

The electromotive force of a cell, as already emphasized, is alvaya 
made up of the sum of at least two separate potential-difFercnceB, 
namely, those which exist at the points of contact of the two elec- 
trodes with the liquid of the cell. (In a similar manner, the tem- 
perature ooefflcidnt of the electromotive force of the cdl, jmi^ the 

sum of the temperature coeflBcients of the component potential- 
differences.) It was endeavored for a long time to find a means of 
obtaining a knowledge of these component, or single, potential- 
ditferences. The resnlta of this endeavor will now be cxmsidered. 

DETERMINATION OF SINGLE POTENTIAL-DIFFEEENCES 
By the experimental investigations of Lippmanu upon the rel^ 
tion existing between the surface tension of meroniy in sulfnrie 
acid and the potentlal-difFerenoe at the point of contact, the meas- 
uremeot of single potential-differences was first made possible. The 
principal result of Lippmann's research was expressed by him as 
follows: 7%« surface tension at the contact surface between mercury 
and diiute sulfuric acid is a continuous Junction of the electromotive 
/orc< of the jxdarixation at that surface. 

Helmholtz later made the researches of Lippmann better under- 
stood by ui application of the theory of the electrical double-layer. 
If meroury be brought into contact with a liquid, e.g. dilute anlfurie 
aoid, it assumes a positive electrical charge. This may be explained 
by assuming that the electrolyte contains mercury i<ni8, very possi- 
bly from the dissolving of a little oxide, which may be present tm 
the BuiCaoe of even the porest meiouiy. The work of Warlnug has 
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also shoim that the mercmy ma; be oxidized b; the oxygen dis- 
Bolred in the liquid, and may thus enter the ionio state. Because 
of its Tery low solation pressure the mercury itself is positively 
charged in a solution ereu when it contains very few of its ions. 

At all eveuts, there exists at the surface of contact of the mer- 
cury and the solution a certain potential-difference which depends 
upon the concentration of the mercury ions in the layer of solution 
directly in contact with the mercury. If now a weak current of low 
electromotive force be sent from an auxiliary electrode through the 
solution to the mercury, mercury is deposited and the concentration 
of the ions is decreased, and the potential-difference is changed by 
the magnitude of the primary electromotive force, whereupon the 
current ceases to flow. Since the ion concentration has been de- 
creased, the positive charge of the mercury has decreased and the 
surface tension increased. 

This is the result of the mutual repulsion of the quantities of 
positive electricity on the surface of the mercury as well as of the 
negative electricity in the electrolyte, with the consequent expansion 
of the surface in opposition to the surface tension. If a portion of 
this electricity be removed, the surface tension naturally increases. 
By continued increase of the i^imary electromotive force, a condition 
may be reached in which the electrical double-layer disappears and 
the surface is electrically neutral. Evidently at this point the 
surface tension has reached its maximum value. The potential- 
difFerence between the mercury and the liquid is now zero, and 
the applied electromotlTe force of the polarizing current is exactly 
equal and opposed to the single potential of the auxiliary electrode, 
which may in this way be found. If still more negative electricity 
be introduced, the mercury becomes negatively charged, and the 
attracted positive ions of the solution form a new electrical double- 
layer, differing from the former only in the relative position of the 
two kinds of electricity. The surface tension of the mercury must 
now ABoreaae with increased negative charges at the surface because 
of the mutual repulsion of the quantities of electricil^. 

The execution of the above experiment is simple in principle; the 
difficulties which must be overcome in accurate investigations need 
not be discussed here. The apparatus shown in Figure 46' may 
be used. The capillary e, as well as the greater part of the tube A, 
attached to c by a rubber tube, are filled with mercury, c dips into 
the cap B, which contains a little mercury, and above this is the elec- 
trolyte. The position of the mercury in the capillary is obeerved by 
1 ZtecAr. phf. Chrm., 11, 1 a894) 
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means of a microscope. The bulb O, wfaicb ooQtains mercary, per- 
mits of the application of desired pressures tbrough its elevation 
and depression ; it is attached to the manometer Jf by a nibbet 
tube. A bent glass tube D leads from the latter to A, the connec- 
tions being made with short pieces of rubber tubing. Paraffin oil 
serves as the liquid of the manometer, increasing the delicacy 
of the reading. A small vessel, as shown at F, containing both 
paraffin oil and mercury, is connected to the apparatus between 
the manonieter and rubber tube. P is an arrangement for impress- 
ing any desired potential-difference on the mercury in the capillaiy 
tabe. 



Za C 




It is to be recalled that when a capillary is placed in water, the 
latter rises to a level above that of the surrounding liquid, as it 
wets the surface of the glass. On the other hand, with mercury the 
level in the capillary ia below that of the surrounding liquid, and, 
if the surface tension be increased, sinks still lower, that is, it 
moves against the pressure of the mass of mercury. It is only in 
this way that a diminution of the surface, the result of increased 
surface tension, can occur. 

If now a certain potential from the source of electricity P be 
applied to the mercury in the capillary c, the surface tension of the 
mercury increases and the meniscus begins to rise. In order to hold 
this in its original position, a certain pressure must be exerted by 
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means of the manometer. Ab the applied potential-difference is 
iuoreuod the necessary pressure also increases, until at a certain 
potential-difference a maximum in the pressure is observed, which, 
on further increase of the potential-difference, again diminishes. 
The potential-difference corresponding to the maximum pressure is 
that which is naturally assumed by the large mercury surface, the 
auxiliary electrode, in the electrolyte at B. 

In order that the results may not be variable, it is necessary to 
add some mercury salt to the electrolyte, that this may have a 
certain concentration of mercury ions throughout, since the potential- 
difference at the surface of the metallic mercury is dependent thereon. 
The qnestion is naturally raised : Is not the electrode an unpotarizable 
one when sufficient mercury ions are present, i.e. is it not an electrode 
the potential-difference of which remains nearly constant during 
electrolysis? In answer, attention ie directed to the following: By 
adding mercury ions to the liquid, the mass of mercury in B, the 
auxiliary electrode, becomes a nearly unpolarizable electrode, which 
maintains the same potential-difference towards the electrolyte, no 
matter what other potential-differeuces are inserted at P. Because 
of its small surface the metallic mass in the capillary only comes 
into direct contact with a very small part of the electrolyte. Conse- 
quently, on the application of a potential-difference, only very few 
mercury ions pass from the electrolyte into metallic mercury, and 
new ions can diffuse into the layer at the surface but slowly ; there- 
fore this electrode is practically polarizable. Evidently, the relative 
extent of the turfaae* of mercwry, or, better, the r^tive deiisity of the 
eurrenta at the two mercury turfacea, jAayB the important part. What 
is actually measured is the potential^difference at the larger mercury 
surface, since this alone is constant. When the two quantities of 
mercury are connected by a conductor, that in the capillary changes 
its surface tension until it possesses the same potential-difference 
as the lower mass. This is essential to the equilibrium which the 
corrent first flowing tends to establish. This is particularly evi- 
dent when the lai^r electrode is an amalgam instead of pure mer- 
cury. For instance, if it be copper amalgam and the solution above 
it contuns a copper salt, the potential-difference between metal and 
liquid will be less than before, since the amalgam assumes a less 
positive charge. The mercury in the capillary again assumes the 
potential of the lower electrode when the two are connected, and on 
introducing independent potential-differences a lower value than 
with pure mercury is sufficient to bring aboat the maximum surface 
tension. 
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By this method it is possible, by aroiding the poteotial-difference 
vhtoh occurs at the point of oontaot of the two liquids by a soitaUe 
ohoioe of electrolytes, or by applying a calculated correction (see 
page 319) for this potential-differenoe, to determine the single 
potential-difference, 

Mercury— Electrolyte, 

and, further, neglecting the poteutial-diffeienoe between Gm two 
metals, to determine any potential-difference, 

Metal— Liquid. 
The method of procedure Is as follows : The potential-differenoe, 
for example, of 

Hg - HgCl (aolid) in KCl, C, 

is first determined. The value found is 0.56 rolt, when the electrode 
is pofiitively charged. This combination, or electrode, is then 
connected with the combination of which the potential-diffetence is 
desired. Suppoaing the potential-difference 

Ag - AgNO. a, 

to be desired, the electromotive force of the combination, 

Hg-HgCl (solid) in KCl solution, (7« , 

Ag - AgNO, solution, CW-- -I* 



would be measured. If, from this value, the potential-difference 
between mercury and potassium chloride solution (0.56 volt) be 
subtracted, the required value is obtained. 

In this conneotion, the tUTestigations of Bothmund' with the 
Lippmaun method are of interest. Instead of mercury, he used 
amalgams of the base metals, which even at a concentration of about 
0.01 per cent exhibit the potential of the pure metal. He measored 
the potential-differences of the combinations, 

Pb amalgam - H^0„ <?„ sat. with PbSO, , 

Cu amalgam - HjSO*, C„, + CuSO*, O.Oi C« , 

Hg - HjSOj, C„ sat with HgjSO, , 

and also of the cells formed by oonneoting the latter combination 
with the othera in succession. He then compared the latter values 
with the sum of the corresponding single potential-differenoes. The 
values obtained are given in the following table : — 
iZttchr.phys. Chem., IS, 1 (18M). 
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Bnau POTBKT.-DVT. 



►4 (1 C.) + CnSOi, 0.01 C„ 
I4 (1 C.) ntunted witb HgiRO^ 
I4 (1 C^) Mtorated witta Fb80« 



0.446 volt 
0.9Se volt 
0.006 volt 



The aleotiodes weie positlTely, and the eleotzolyte negatirely, 
charged. 
Aoootding to the above values, the electromotiTe foioe of the 

Copper — Mercury cell ™ 0.481 volt, 
and of the Lead — Mercury cell s 0.918 volt 

The ralues actually measured are 0.468 and 0.923 rolt, respeotively. 
In other cases the agreement between the value of the electromotive 
force taken as the sum of the two single potential-differences and 
that actually measured was less satisfaotory. 

To sum up, the following should be noted : The theory which 
has been outlined is based on the supposition that the surface ten- 
sion of the mercury is related to the electrical double-layer at its 
surface only in the way already described, and especially that the 
nature of tiie ions forming one side of the double-layer, as well as 
the nature of the electrolyte in the general, is without influence upon 
the sorfaoe tension of the mercniy.. Since, however, according to 
recent investigationa of Nernst, the surface tension of the mercury, 
in contradiction to the theory, is strongly influenced by noaeleo- 
trolytes, the theory and therewith the significance of the experi- 
mental results is rendered uncertain. Furthermore Billitzer,' 
together with other objections to the theory, has called attention 
to the fact that the electrolytic solution pressure of mercury must 
not be considered as a constant, but aa a variable increasing with the 
Borf ace tension. 

There is a second method which can be used for the determina- 
tioa of single potential-ditFerences, the principle of which was ex- 
plained by Helmholtz. Ostwald ' first showed that it could be used 
for this purpose, and through bis efforts, as well as those of Paschen, 
the method has been developed. 

If an insulated mass of mercury be allowed to flow in a stream 
through a fine opening and drop into an electrolyte, there can be, 
aocording to Helmholtz, no potentialnUfference between the mercury 

>ZCfcAr.pAv«. Ch«m.,4t,613 (l^M), and M, UM (lOOS). 
■ZCMAr.pAya. Ckem., 1, fiS8 (1887). 
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and the electrolyte. Helmholtz expressed himself on this point in 
the following manner : — 

" Conaequently I conclude that when a quantity of mercury ia con- 
nected with an electrolyte by a rapidly dropping fine stream of the 
mercury, and ia otherwise insulated, the two cannot posseas different 
electrical potentials, for if a potential -difference did exist, for 
example, if the mercury were positiye, each falling drop would form 
an electrical double-layer on its surface, requiring the removal of 
positive electricity from the mass, and diminishing its positive 
charge until that of the mercury and solution reached equality." 

An experiment by A. KOnig haa already shown that the chai^ on 
the mercury can be partly removed by allowing it to drop through 
a solution. This result was later con- 
firmed in other ways. Figure 47 repre- 
sents the arrangement employed by Kd- 
nig. The mercury cup a, beneath dilute 
I 01 11 sulfuric acid, was connected by a wire 

with mercury dropping from the capillary 
into the acid. A galvanometer G was 
connected into the circuit as shown. This 
indicated that the positive electricity was 
removed with the dropping of the mer- 
cury in agreement with the previous ex- 
planations. If the upper mercury, through 
the dropping, be brought to practically 
the same potential as the solation, the 
polarizable mercury in the cup has the same potential, and therefore 
the maximum surface tension. This could be determined by means 
of an ophthalmometer. As still further proof, a weak electromotive 
force, positive or negative, on being introduced into the circuit on 
the wire connecting the two electrodes, caused the surface tension to 
decrease, since a potential-difference was produced between the 
liquid and the mercury of the cup. 

According to the Nemst osmotic theory, the following statements 
concerning the drop electrode may be made : ' If a fine stream of 
mercury be allowed to fiow out of a tube into a solution of an elec- 
trolyte containing some mercury salt, as for example mercurona 
chloride, mercury ions deposit on the fresh surface of the mercoiy, 
each drop becomes positively charged and surrounded by the Dega> 
tive chlorine ions corresponding to the ions deposited. Arriving at 
the bottom, it joins the constant mercury surface there and gives up 
1 Ztiehr. phvB. CVmim., H, 266 (1896), and H, 267 (1890). 
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the excess of its positire charge by sending mercurooB ions into the 
solation. These ions, with the chlorine ions, which up to this time 
ooDstituted the onter part of the double-layer, form mercnroaB 
chloride ^ain. Aa a result of this proeesa, the mercury salt is 
transferred from the upper to the lower part of the solution, thus 
forming a ooncentration cell. Since the solution becomes more c(m- 
centrated below than above, it would be expected that the current 
would flow through the solution from the upper to the lower part. 
^is is actually the case. Furthermore, it may be stated that the 
concentration of the mercury ions in the upper part of the solution 
must finally become so small, if no diffusion takes place, that the 
potential-difference there will be zero. This state is not changed 
nor is there a further transference of salt from the upper to the 
lower part of the solution when more mercury is allowed to drop 
through the solution. 

The end sought has, then, been attained; for by throwing an 
electromotive force into the circuit, the potential-difference of the 
lower mercury electrode can be measured. 

As a matter of fact, however, the presence of diffusion prevents 
a complete freedom of electric charge, and thus causes the measuie- 
meats to be both difBcult and uncertain. However, all errors 
arising from the fact that an electric charge is still present may be 
avoided by a method recently proposed by Kemst It depends on 
the preparation of a solution of so small a concentration of mercury 
ions that the potential-difference betwerai it and a mercury surface is 
equal to zero. A means of preparing such a solution is offered by 
potassium cyanide. It has been found Uiat in a ocmcentrated solu- 
tion of potassium cyanide, the direction of the current is reversed, 
i.e. it flows from the stationary mercury through the solution to the 
mercury drops. If now a solution of potassium o^uide of such a 
ooncentration be prepared that no electric current is produced when 
mercury is allowed to drop through it, the desired zero electrode is 
obtained. Experimental results obtained by Palmaer' have ocm- 
firmed the correctness of this conclusion. With the use of a zero 
electrode made as above described, he obtained nearly the same value 
for the single potential-difference, 

Hg - KGl, 0.10^ saturated with Hg/^a 

aa he did with the lud of tiie capillary electrical method. 

In view of this work, it might with good reason have beratbonght 

1 Zfekr. laatroehem., 8, 7G4 (190S). 
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that the valaes so found although questioned are yet near the correct 
<Hie.' The recently published inveetigations of Billitzer,' however, 
which lead to entirely different values, diminished even more the 
prohable correctness of the valuea obtained by the above methods. 

As has already been explained in Chapter TI, at the surface of 
contact of a solid and a liquid there is always formed, according to 
Helmholtz, an electrical double-layer. Hence an electrically chained 
particle which is suspended In an electrolyte through which an elec- 
tric current is flowing, will, according to the nature of its charge, 
migrate toward the positive or toward the negative pole. If all 
other influences which also may cause the particle to move be 
excluded, then the sign of the charge upon the particle may be 
known frcon the migration direction of the particle, and, further, it 
nay be concluded that at that point at which the direction of 
migration is reversed, i.e. the point at which the double-layer 
disappears, a system of two bodies with a potential-difference 
between them equal to zero exists. If the solid particle is a metal, 
the system is a zero electrode which may be used directly for 
the determination of the single potential-difference of any other 
electrode and its solution. 

The investigatioDS were carried out with colloidal platinum, silver, 
and mercury, and also with fine metallic wires with one end fused 
forming a small sphere, which were suspended perpendicularly from 
a quartz thread. The movement took place and the reversal could 
in every case be brought about by changing the ion concentration, in 
agreement with the Nemst equation relating to the potential-differ^ 
cnoe between a metal and its solution. The same results were 
obtained by reversing the experiments. When metallic powder was 
allowed to fall through a tube containing a solution, an electric cni^ 
rent was obtained. The direction of this current could be changed 
by changing the ion concentration of the solution. At a definite 
ooncentration, by the Gist method the particles or wires oeased 
to move, and by the second method the electric current ceased to 
flow. 

It is very remarkable that the value of the potential-difFerence of 
the mercury electrode in contact with a normal solution of potassium 
chloride saturated with mercurons chloride, as measured by the 
method just described, differs from that obtained by the surfoce ten- 
sion method by not less than 0.74 volt Since, however, the value 

1 Baa tlM Krttgsr, " IliMrie d. ElektrobLj^. and d. TiopMeklr.," GottlBg 
Om. d. WiH., 19M, Vol. 1. 

* ZtKAr. Sltktroehem., •, 088 (1909), taAlocett. 
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obtained b; the new method may contain errors,' Nemst* has 
repeated his recommendation that ontil the subject is farther inves- 
tigated, the value at present usually given, i.«. for the meronry 
electrode, 

?B,--i,*.= +0.56 volt, 

be disregarded, and that the potential-difference of the hydrogen 
electrode with hydrogen at atmospheric pressure and hydrogen ions 
at <me normal concentration, placed arbitrarily equal to zero, be taken 
as a standard. It should especially be noted that up to the present no 
special significance has been attached to the absolute zero point of 
the electrode potentials. Not to the slightest d^ree has it a signifi- 
cance such as that which the absolute zero point of the temperature 
scale possesses ; for it has not been found possible to find a oiimeri- 
oal relationship between solution pressure and other physical proper- 
ties. Hence, from this point of view, no objection can be raised to 
the cdioioe of aa arbitrary zero point, i.e. an arbitrary zero electrode. 
The choice of the hydrogen electrode as such a zero electrode 
possesses advantages in the direction of systematization, since a 
division of the metals into those which do, and those which do not, 
evolve hydr<^n is thereby effected. On the one side there are the 
metals which are less, and on the other side tiutse which are more, 
negative than hydrogen, if the metals be considered to be in contact 
with their respective normal solutions. Finally, hydrogen is the best 
reducing agent, and in this respect also divides the electrodes into 
two classes. 

A hydrogen electrode of sufficient constancy for general use is 
easily prepared. It is only necessary to place a well-platinized 
platinum electrode into a sulfuric acid solution which is normal in 
respect to hydrc^en ions, and to pass a stream of hydrogen into the 
solution, and past the electrode for fifteen minutes, in order to obtain 
the correct potential.difference within 0.001 of a volt. The deter- 
mination of sii^le potential-difFerences and their signs is then in the 
naJD very sunpte, if the potential-difference which always existe at 
the place of contact of the two liquids be left ont of consideration. 
The electrode which is to be investigated is connected with the above 
standard or normal hydrogen electrode, and the electromotive force 
of the cell thus formed and the direction of the electric current in the 
cell are determined according to the usual methods. This electro- 

> Zuthr. BUUnehem., 11, 1S2 Mid 381 (IWO). 

• Zfekr. fI«broeh«m., 7, 268 (lOOO) ; Otckr. pkga. Cktm., M, SOI (1000) 
and St, 01 (IWl). 



244 A TEXT-BOOK OP ELECTBO-CHEMISTRT 

motiTe foree ia directlj' the ralne of the mogle potential-difierenM 
detired, and itt ngn is pins or miniu accmJing as the electrode in 
qnesiioii is the positive or the amative pole of the oelL The 
direction of the canent is represented t^ an arroir. 

What has just been stated is illnstiated by the following ezami^ 
If the electromotire force of the cell 

Zn - Zn ", 1 CL - H, 1 C. - H, 

is eqnal to 0.770 rolt, and the electrie canent flows from the zinc 
electrode through the solnticm to the hydn^n electrode, then the 
single potential-difference between the zinc and the solntion of zinc 
ions is equal to — 0.770 volt Bepresenting single potential-differ- 
ence by f as will be done from now on, this may be expressed as 
follows : — 

Etm -*. »M. = - 0-770, 
or ;mmi«.«-z. = + 0.770 volt 

The sign pins or minos is always that of the electrical cha^ of the 
first-mentioned component in the equation, i.e. in the former equa- 
tion, the sign of the electrical charge of the zinc, and in the latter, 
that of the solution of zinc ions. 

In the manner just illustrated, any single potential-difference may 
be determined. Moreover, the electromotire force of a cell com- 
posed of any two electrode combinatione may be obtained by taking 
the sum of Uie single potential-differences of these combinations. It 
should be noted that the direction of the arrow in the case of single 
potential-differences is always that of the current when the electrode 
combination under consideration is connected with the normal 
hydr<^n electrode. If now the two single potential-differences 
ooroposlng a cell be written one after the other in the order in which 
they are combined in the cell, and if the two arrows hare the same 
direction, then their signs are the same. If the arrows have opposite 
directions, the signs are unlike. In the latter case, the direction of 
the Duneat in the oell is that of the larger single potential-differenoe. 
Ihia is illostrated by the following equations: — 

W C»l —»■ mL + ?•(*. .^ On ™''Bb— vo«> 

-0.770 -0.329 -1.099 

*■ lo. ■<- -1. + ? -I .^-■■"S'o. .<—■■; 

-(-1.099 

(S)lsi-*.««. + VML.*-M='b-».0<> 

-0.770 -t- 0.420 -0.360 
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-0.420 +0.770 +0.360 

Henee it makea no difference whether we write 

» fc -». 04 = - 0.360, or F oi ,^ to = + 0.360. 

In either case the meaning is the same and the arrow showB the 
direction of the current in the ooaple, i^. from one electrode throagh 
the liquid to the other. In the case represented by the latter eqna- 
tiMiB, the current flows ttoia the zinc, the n^^ative pole, throagh the 
liquid to the cadmium, the positive pole. 

This method of representation is employed in exactly the same 
way in the case of electrodes which send negative ions into the solu- 
tion, such as oxygen, chlorine, bromine, etc, electrodes. When 
these electrodes are in combination with the hjdiogai electrode, the 
single potential difEsrenoe, 

receives the positive sign when negative ions are formed, and the 
negative when they aie discharged. By means of this method of 
representation, which was in principle suggested by Luther, the sur^ 
vey and comprehension of the subject has been greatly facilitated. 
£ ahould, however, be noted that it ia not in general um in electro-chemi- 
cal literature. 

Although the hydrogen electrode possesses certain advantages as 
a standard electrode, it is not always to be recommended for general 
nse in the measurement of single potential-differences. When used 
in carrying out measurements with neutral or very concentrated 
alkaline solutions, diffusion potential-differenoes of considerable 
magnitude arise, due to the great difference in the migration veloci- 
ties of the ions, which can be calculated only with difficulty if at all. 
In such cases the so-called calomel electrode, which is very constant 
and easily duplicated, possesses advantages over the hydrt^en 
electrode.' 

A form of the calomel electrode such as is shown in Figure 48 may 
be prepared in the following manner : * At the bottom of a small 
upright vessel, about eight centimeters in height and from two to 
three oentimetera in diameter, a small quantity of pure mercury is 
placed and then covered with a layer of merourous chloride. The 

' See also the diaouaalon, "Ueber die Zahlong dor Elektiodenpolentiale," 
ZUehr. Etktrothtm., 11, ITT (1005). 
*Fw tnrUuir putionlan sm Oatwald-Lather, AtrtO-dlMi. Mu»u%gt%, 

pigeasi 
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vessel is then filled with a normal solnticm of potassinm chloride and 
closed with a rubber stopper oarrTiug two glass tubes. Through one 
of the latter, a platinum wire is connected with the meicury. The 
other tube, bent as shown in the figure, is, t(%ether'with the rubber 
tube attached to it, filled with the 
solution of potassium chloride. 
The bent glaas tube B of the calo- 
mel electrode thus made, is dipped 
into the liquid of ihe electrode 
combination the potential-differ- 
ence of which is desired, and the 
electromotive force of the oell 
thus formed is meafluied as nsnal. 
If the potassium chloride solution 
produces a precipitate with the 
solution of the electrode combina- 
tion under consideration, as voold 
be the case, for example, if the 
latter contained a solution of sil- 
ver nitrate, a third and indifferent 
solution, e.g. of potassium or am- 
monium nitrate, must be intro- 
duced between them. It is often 
advantageous to use a solution of potassium chloride because, sinoe 
the migration velocities of the respective ions are nearly the same, 
there is no tendency to form a large potential-difference at the place 
where the two solutions meet. Since the value of this potential- 
difference cannot always be calcnlated with certainty, it is a disa- 
greeable factor in the measurement of single potential-differenccB. 
In the case of a contact between a solution of potassium chloride 
and one of a neutral salt, however, its value is satGciently small to 
be neglected. Even when it cannot be neglected, it may easily be 
made calculable.' 

It was recommended by the International Congress at Berlin' that 
in all cases the directly measured values be given, and that the 1 
normal calomel, or the above-defined Nerost hydrogen, electrode be 
employed as the auxiliary eleotrode. Following these recommenda- 
tions, the correct measured values will always be available for 
possible future i«calcnlation. These values may be considered as 
single potential-difEerenoea referred to the hydrt^en or the oal<»nel 
> Sammet, Zttehr. phyt. CA^m., S3, 668 (190S). 
* ZUehr. Kltaroehtm., 9, 686 (1003). 
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electrode as a zero electrode. In this case it most be bonie in mind 
that these valoes still include the i>otential-difEerences which exist 
at the point of ccmtact of the two solutions. 

In die followibg table aie given the most leliable values of the 
angle potential-differenoes, 



when, at room temperature, the electrodes are in contact with their 
TespecttTe solutions containing one ioa-mol per liter. ' The ion con- 
centration is in man; oases still unoertain.' 

In column I are given the calculated or measnred single potential- 
differences against the calomel electrode. These values will be 
represented by i^ 

In column U are given the calculated or measnred values against 
the hydr<%en electrode. They will be represented by j». 

The values inclosed in parentheses have been calculated solely 
from heat effects. 

Since the potential-difference between the calomel and the hydro- 
gen electrode is equal to 0J383 volt, and since in this combination 
the current flows from the hydrogen electrode through the soluticn 
to die metcory, the following relation exists, 

when the calomel electrode is referred to the hydn^en electrode as 
zero electrode; and 

rH-^ri-««tr- = - 0-283, 

when the hydrogen electrode is referred to the cal<miel electrode as 
zero electrode. Hence we have the following relation between the 
▼aloes referred to these two standard zero electrodes, — 



This series may at least be considered as the approximately coi^ 
lect dectromotive series. The values, are often called "eleOrolytie 
potentials" and represented by the letters (bf) when they refer to 

^ WllBmoie, loc. dt. The valnea tor Fe, Co, and Nl were obtained from the 
WOTk of Hntbinani) aod Fntimbe^er, " MaUi.-phyB. Kl. d. K. Bayr. Ak. d. W. 
84," Vol. 2 (1904) ; thoae for Ag aod O under atmospheric presmre agatDSt 1 
normal OH' from an InvectlgaCion of Lewla, Ztaehr. jAjfs. Chem., H, 4TS (1006); 
and thoaa for CI, Br, and I from an Inveetlgation of Lnther and Sammat, 
Zttehr. ElearoeKem., U, 306 (1006). The latter raluea were obt^ned hj extnf 
polaUon and are ivferreb W a halogen ooncentraUon of one mol per llt^. 

■ Abe«g-Labeiid£ln«ki,^ZMAr. BMctrochm., 10, 77 (IQOi). 
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ELECTSOLTTIC SINGLE POTENTIAL-DIFFEREKCES 



Binown 


■<FP 


II (F») 




(-8.48) 
(-3.10) 
(-8.10) 
(-&06) 
(-2.M) 
(-3^) 

- 1.774 r 
- 1.669 f 
-1J68 
-1.063 
-0.708" 

- 0.040 1 
-OJKJS 
-0.7»' 
-0J80» 

<- 0.476 

-0.481 / 

-0.288 

+ 0.O46' 
<+ 0.010 

< + 0.108 

< + 0.18S 
+ 0.407 
+0.616 

< + 0.606 
< + 0.680 

< + 0.706 
(+1.68) 

+ U20 
+ 0312 
+ 0.846 
+ 0.110 


(-8.30) 




(-2.82) 
(-3.88) 
(-8.77) 
( 2.66) 














- - 1.481 f 












-0.770 




0.490 












0.4601 






Tin 


< -0.103 
0.148 






Coppw 


+ 0.S2ft - 
<+O.20S 






Merenry 


< + 0.469 

+ 0.760 








< + 0.863 






Flaorine 

Chlorine -1 f 

Bromine X" { 

0^B«> 


(+1.«) 
+ 1.400 
+ 1.006 
+ 0.688 
+ 0.898 



lOom temperature. Accordiog to the Kernat equatioa (see page 183), 
for a metallic eleottode, 



M = 



T3 



illlF,* 



Binoe in the above measaremeiits P has been made equal to nni^. 
Henoe in general the potential-difference which existB betireen an 
electrode and a solution of an itm concentration P, at a temperatBra 
T, ia as follows:— 



1 Af^rozhnately. 
■nssifDlwcoinee H 



when DCgatiTe to^ an HmuA, 
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irhen tlko electrode sends positive ions, and 
=.(:,p)_:??lnP, 

"when it sends negative iona, into the solution. 

The eleotrolTtic potentials for eolventB otliei than water cannot 
jet be given, since the degrees of disaooiation involved are not known. 
The potential-differences of a lai^ number of couples with organic 
Mlvents have been measured b; Kahlenberg.' 

Fimallj, attention is called to the fact that the Helmholtz equation, 

in applicable, not only to Uie electromotive force of the entire cell, 
but also to the constitaent potential-differences of each individual 
teverMble electrode. > This has been shown to be true experimentally 
by Jahn* for several metal electrodes. In tliis equation Q represents 

the heat effect of the reaction at the electrode in question, and — 

the temperature coefficient of the potential-difference in question. 
Just as the total electromotive force of the cell is made up of two or 
. more independent potential-differences, so the temperature ooefBcient 
of the former is made up of the sum of the individual temperature 
coefficients of the latter. 

The expression, -^dT' 

represente what is known as the Helmholtz — or Peltier — heat 
effect. It wsA first applied to simple metallic contacts. In the 
case of such ccmtaots, the Peltier effect is understood to mean the 
quantity of heat which is evolved or absorbed when, at the tempera- 
ture of the contact, a unit quantity of electricity passes through the 
contact. The Peltier effect is the reverse of the thermoelectric phe- 
nomenon discovered by Seebeck which was mentioned on page 228. 
LifinanM of V^stiTe Ions upon the Fotential-dif fenmoe : lEetal — 
Xetal Bait Solution. — The question may still be asked: Is the 
nature of the negative ion without influence upon the poteutial-dif- 
feienoe f To answer this question, Neumann prepared 0.01 nop 

» J. PUfi. Chem., «, 879 (1889). 

* Zfehr. phta. £Aem., 19, 399 (18H). ■ • 
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inal eolations of orer twenty difEerent thallium salts (mostly &t 
cyanic acids), and determined the potential-difieresces between 
them and pure metallic thailiom. In these solutions, these salts 
may be considered to be equally dissociated, and the same potential- 
differences might be expected in each case. As the measured values 
do not differ by more than 0.001 of a volt, it is a justifiable concln- 
sion &tat iKe nature of ffte negative ion u toiihovt injiuenoe upon the 
poteniicU-differetux between inetal and solution. 

Nevertheless nitrate solutions differ considerably from chloride 
solutions. These apparent esoeptions to the above-stated general- 
ization may be explained by the fact that in the latter case the con- 
centration of the thallo ions, which determine the potential-difference, 
is less than in the former case, due to the formation of complexes. 
On the whole, snch an indirect influence of the anion is not seldom 
in the case of metal salt solutions. The degree of complex forma- 
tioD depfflida on the electro^ffinity of the anion.' 



CELLS IN WHICH THE ELECTROMOTIVELr ACTIVE 
SUBSTANCES ABE NOT ELEMENTS 

A class of chemical cells, apparently very different from that rep- 
resented by the Dauiell element, will now be considered. If a plat- 
inized platinum electrode is surrounded by a solution of stuinons 
chloride, and another by one of ferric chloride, and the two are 
placed in metallic connection, an electric current is obtained, which 
passes through the cell from the former solution to the latter. The 
trivalent ferric ions give up an equivalent of electricity, becoming 
ferrous ions, while each stannous ion takes up two eleotrioal equiva- 
lents, becoming a stannic ion, as follows : — 

Sn" -t- 2 Pe " = Sn"" -t- 2 Fe". 

The process may be imagined in detail as follows : The stannous 
ions change' into stannic, and thereby poeittve electrioity is wmr 
Bumed. This is shown by the equation, 

8n"+29(+) = Sn"". 

Since this can never take place alone in a change of chemical into 
electrical energy, the same quantity of negative electrioity must 
be produced apon the electrode. This electricity passes through 
the wire to the other electrode, where it unites with the pontin 

> Abegg-lAbenddnaki, Zttekr. JSlektrocliem., M, 77 (IDU). 
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clectxiraty derired &om tha change of ferric into ferrous ions, a» 
cording to the equation, 

2Fe'" + 23(-)=2Fe". 
The cell 

Hydrogen (in platinom) — electrolyte A.-^ 
Chlorine (in platinum) — electrolyte B ! 

IB evidently completely anal<^onB to the above comlrination. It 
-was preriooely stated ^a^ 194) that platinized platinum in hydro- 
gen may be eonsideied as a hydrogen electrode In a similar man- 
ner the above combination may be characterized as stannous and 
ferric electrodes, and just as a tendency to go into the ionic (or of 
the iona to go into the neutral) state was ascribed to the hydrogen 
and chlorine electrodes, so a tendency of the stannous and ferric to 
form stannic and ferrous ions may be recogm2ed. The electromo- 
tive force of this cell also consists principally of the two indepen- 
dent potential-differences occurring at the electrodes. But these 
potential-differences depend not only npon the transformatian prea- 
surea (which are analogous to the solution pressure) of the sub- 
stances in question, but also upon the oemotio pressures of the ions 
forming. Therefore the concentrations of the stannic iona formed 
at the one electrode, and of the ferrous ions at the other, are 
important factors; a certain constant potential-difference, as in 
the Daniell celt, could only be expected when the solutions 
already contained stannic and ferrous ions. Moreover, the con- 
oentration of the altering compounds must be considered, for the 
transfonnation pressure of a substance at constant temperature is 
invariable only at a definite concentration. 

From tohtU haa been said, H is obvioua that then is eaaentiaBy no 
difference between the Daniell and the s(xalled reduction and oxidatioH 
eeOa. Z%e laws governing the former may be expected to control the 
tatter. 

Already in the first edition of this book (1896) this same ex- 
planation was given. At that time, however, a proof of them was 
not possible because of lack of experimental results. Thus the in- 
fluence of the concentration of the substances formed at the elec- 
trodes has been almost entirely neglected, and it is probable that 
the vai3ring values of such cells are due to this. The non-reversi- 
bility of these cells may be similarly accounted for. If, instead of 
allowit^ the stannous chloride — ferric chloride cell to act, it be 
opposed by a cell of greater electromotive force, oxygen must sepa- 
rato at one electrode (at least in dilute solution) and metallio tin at 
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the other. Stannic and ferrous oUorides being preeent, a ehangl 
of the stannic into the stonnoos, and <rf ferroas into ferric aiit, 
when the current is not too strong; would certainly take place in- 
■tead of the above, and the cell be reTersibl& 

A cell which oonsists of zinc and chlorine electrodes, and of electro- 
Iftes which do not contain zinc and chlorine ions, is aUo not a: reversi- 
ble cell. If a stTonger opposing current be sent through such a cell, 
the positiTe tons of one electrolyte separate at the zinc, and the 
n^ative of the other at die chlorine electrode, while zinc and chlo- 
rine ioaa are libeiated through its own activity as a cell. 

Equations may be deduced for the calculation of the electromo- 
tive force of such cells. They are analogous to those formulated 
for the Daniell cell.' 

Every process which takes place at an electrode of a oell dniing 
its activity may be represented by^the following schema : — 

aA + bB — |-Tg(+)^?4P + eS.-. 

Here a 6, — represent the number of mols c^the substances A, 
B, — which by taking on the quantity of poeS?^^ *"^ giving off 
the quantity of negative electricity, vq,' form d.X"-'"*'^^ "* *® 
substances D, E,—. By an application of this 3*^*™* *" *** 
ferri-ferro electrode, the following equation is obtainedV"" 

Fe" + 9(+):J:Pe". \ 

The left-hand side of this equation represents the higher ^t^ ^ 
reduction or the lower state of oxidation. The upper arrow d^^ 
transformation sign, then, represents an oxidation, while the lu*" 
one represents a reduction. ' 

As already indicated, the assumption that the potentiaJ-differeit 
at the electrode, not only in the case of the Daniell cell but in geL 
eral, is dependent on the concentration of the substance being former 
as well as on that of the substance being consumed, in the mannet 
required by the Nemst logarithmic equation, seems plaasible. If al I 
the substances under consideration be taken at unit ooncentrationJ 
i.e. usuaUy one mol (or one ion-mol) per lit«r, and if the iralue ill 
this case of the potential-difference, i 1 



1 Bee atoo OrtwaM-Lnuier, i%|i*(fa>.cA«ii(ieA« jrufmom, p. 878 : ZtwAr. 
AaJbtroeAam., 7, 1043 (19D1). 

I In puting bom metalUc to ionic state, v = nJanot of the i<n lormed. 8m 
•ko page 18a. 
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be TApTesented by v^ tben, tuscepting the ooirectneu of the above 
a88umptiDii, the following equation ia obtained for the potential- 
difference at an electrode when the electrolyte is of any oonoenfan^ 
tion C: — 

?**«*. -.i-«w.= ».+ — In — - 

The higher state of oxidation is represented in the namerator and 
the lower state in the denominator. The former, then, becomes trans- 
formed into the latter by giving up ivositire or taking on negative 
electricity. In regard to the sign of t or v^a the rule given on page 
244 ia to be followed. The value of f, may also appropriately be con- 
sidered as the electrolytic potential (bp). For the ferri-ferro elec- 
trode, the following equation should hold : — 

Fe™ 

ZtlHttadt-clHbelTla^ ?0 + RTaX -p •■' 

yrhere Fe'" and Fe" represent the concentrations or the oamotio 
pressures of the ferro and ferri ions respectively. This expression ia 
entirely analogous to that which holds for metal electrodes. Applied 
to the hydrogen and chlorine electrodes, the equation assumes the 
following forms : — 

^ flr, ff*. 



= r.' + 



H, 

STClj. 
2Q CI'* 



I, For an oxygen electrode, two different expressiona hold aoeordisg 

as the equaticm, 
.e, 0,-1-49 (-)=2 0", 

or the equation, 
8« 0,-h2H/) + 45(-)^4 0H', 

Qse be considered to take place.* The eqostioD which holds in the 

f al former case is as follows : — 

in ' .. . ST, Oi 

1 llie toUowliig TelMlon ezisu : — 

2 OH' ^ HiO + 0". 
ff^ Hie conoentration ol the OH lona, but not that of the ions, oan be obtafued 

eiperimentallr. The Utter U certainly very amaU. In a oonaidentlou of eqiii- 
y libriom Mates it makes no diSemue whetlier OH' or O" ions an Involved. 
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Here w" repreaeats tiie (bf), or, in irords, the poteDtul-difference 
whiclL ezisto when the oxygen is under a pressure of one atmoephere 
and is in contact with a solution which contains CHie gram-ion of 
oxygen ions per liter. The equation vhich htdds in the second 
ease is 

The Tslne of £/" is determined by the fact that the oxygen is tinder 
a preesnre of one atmosphere and ia in contact with a normal solu- 
tion of hydroxyl ions. Strictly speaking, the value H/) should 
appear in the numerate of the fraction the logarithm of which ia to 
be taken. Since, however, the concentration of the water is not appre- 
ciably changed during the reaction, its mas»«ction effect can be left 
out of consideration. In fixing the valne of vj", the concentration 
of -the water in the solation may be placed equal to nnity. It very 
often happens that water takes part in a reaction in this manner. 
Assuming that the following reaction takes place at a permanganate 



MnC, + 8 H' + 69 (- ) ^ Mn" + 4 H^, 
thai the strict equation would be 

,RT MnO'. X H- 

As in the case of the metals, ao in the case of other oxidizing ta 
reducing substances, the determination of (ep) is of importance. 
Very little in this direction has, however, been done. Below a 
few accurate values are given: — 

BlbCTBODB ^T»iiT»rrn» < ruT-rmiTTi 

Verri-ferro +0.46 volt 

Capri-eupro + 0.13 toU 

' Ferri-ferrocyanidlB + 0.163 volt 

ThalU-thaUo + 0.908 volt 

Heasutements have been made to confirm the statement that the 
deotromotive force varies with the concentration of the substanoes 
involved as required by the above equation by Peters,^ Sohaum,* Fro- 

> ZaOvr. phfi. Ohem., M, 19S (1696). 

• SUaber. d. G. eqt BeliMeraiig d. Nstnrw^ Harborg;, No. 7, IBM. 
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danhagen,* Spencer-Abegg,' Maitland-Abegg,' and Sammet-LutheT.* 
Their results are in good agreemeat with the theory. 

The results given in the last-named investigation will be consid- 
ered again in the discussion of equilibrium constants. Other (bf) 
values will then be given. At diis point stt«ntioa will be called 
only to the possibility of determinii^ the electromotive valence, «.«, 
the number of chemical equivalents of electricity « required for 
the electrolytic oxidation or reduction of the reactii^ substances, 
from the dependence of the electromotive force on the concentration. 
If the process takes place in st^es, as in the case of the reduction 
of molybdic acid solutions through intermediate pentavalent to 
trivalent raolybdinum, it may be perceived by means of continued 
potential measurements, the influence of the concentrations of the 
individual reaotdng substances being taken into consideration. An 
insight into the mechanism of electrolytiG processes may thus be 
obtained.* 

It scarcely needs to be mentioned that, when two single potential- 
difFerences are combined to form a cell, the electromotive force of 
the cell is essentially equal to their sum. This was proven by Ban- 
croft.* Althoi^h his results suffered from the lack, at that time, of 
known ion concentrations, the values of the single potential-differ- 
ences measured are ^ven here because they are of considerable 
interest and because they are a measure of the strength of the oxi- 
dizii^ or reducing power of the substances. They were obtained 
with the use of platinized electrodes surrounded by the liquids men- 
tioned. Most of the solutions contain about J mol per liter. 

It is evident from tbe preoedii^ discussion that in electrical pro- 
cesses it is possible to distinguish sharply between oxidations and 
reductions. In the case of such procemee, a gubsbmce is taid to be oxi- 
dited wAra its positive charge of dectricity is increased or its negative 
tkarge decreased. It u said to be reduced vahen, conversdiy, its nega- 
tive charge is increased or its posUive charge is decreased. 

An actual oxidation, te. interaction with oxygen, although for^ 
nierly always believed to take place, is in many cases not involved. 
The action consists, instead, of a change of the charges on the iima. 
The term oxidaticHi is, however, still retained. 

^Ztschr. anorg. Ohem., SB, 890 (1009). 

'ZUdtr. anorg. Chen., 44, 879 (19D6). 

■ZtKAr. SUktrodum., 1%, 208 (1900). 

*ZuehT. Blettrochem., 11, 298(1«0&); Otehr. phy: OftMN., i^ «1 OMB). 

•CbQeMai, Stehr. EleOroehem., U, 178 (1906). 

■ Zuehr.phfi. Ckem., 10, 3ST (1892), and 14, S2S (1801). 



A TEXT-BOOK OF ELECTBO-^HEHISTRT 



««.«»« 




SoLvnoMor 




80C11+EOH. . 


-0.881 


F«SO., neatnl 


-1-o.miv^ 


N«i8 


-0.«61 




-K 0.076 


HrdrozTlsmina, 




NftHSO, . . . 


+ 0.108 


KOH .... 


- 0.818 


H,80, . . . 


-1-0.168 






Pe60,+HrfO, . 


-K 0.2341--^ 


KOH . . . . 


-0.6M 


PotMsinm fetrio 




PyrogaUol, KOH . 


-0.482 


oulata . . 


+ 0.286 




-6.83a 


I^KI. . . . 


+ 0.828 


Hydrogen, HCT 


- 0.311 


K,Fe(CN), . . 


+ 0.422 • 


FoUuslom leiTOiu 




K,Cr,0, . . . . 


+ 0.602 


oz»Ut« . . . 


-0.27B 


KNO, .... 


+ 0.677 




-0.196 


CI,, KOH . . . 


+ 0.680 


K4Fe(CK),, KOH 


-0.066 


PeCU 


+ 0.678 ' — --" 


J* KOH . . . . 


- 0.070 


HBO, 


+ 0.607 


8n CI*. HCl . . . 


-0.064 


HCIO4 . . . . 


+ 0.70T 


FotasBiiim atsen- 




Br,, KOH . . . 


+ 0.766 


M« 


-0.064 


H,0r/)7 .... 


+ 0.837 


N»H,PO, . . . 


-0.0*4 


acio, . . . . 


+ 0.868 


cua, 


-1-0.000 


Brt,EBT . . . 


+ 0.866 


NaAO, .... 


+ 0.018 


KID. 


+ 0.020 


NhSO, .... 


-1- 0.02s 


MnO,,Ka . . . 


+ 1.068 


B»,HPO, . . . 


-1-0.033 


a„ Ka . 


+ 1.108 


K4FeCCN), . . . 


-f 0.086 


KMI104 .... 


+ 1.208 



According to these definitioiiB there must be, in CTerjr galvanic 
cell, an oxidation at one electiode and a reduction at the other. 
In the Daniell cell the reduction takes place at the zinc electrode 
and the oxidation at the copper. The precipitation of one metal hy 
another, the process of substitution, is thus to be considered as one 
of oxidation and reduction. It is evident, then, that the metals can 
only serve as reducing agents, since they are only capable of produo- 
ii^ positive ions, followed by the formation of negative or the dis- 
appearance of positive ions. The metals themselves are thereby 
oxidized. 

On the other hand, all of those elements which produce negative 
ions act exclusively as oxidizing agents. Solutions of electrolytes 
in general may be reducing as well as oxidizing agents, for they con- 
tain both positive and negative ions, and are therefore capable of 
yielding positive or n^ative electricity. If zinc be placed in a so- 
lution of cadmium bromide, cadmium is precipitated, the solatioD 
acting as an oxidizii^ agent ; but if ohloriue be conducted into the 
solutitm, bromine separates, the solution acting as reducing agent. 
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Similaily, the substances in the above table may be examined to 
disoover whether they are reducing or oxidizing agents. From the 
above it is, moreover, not surprising that a dissolved Bubstance may 
have a reducing or oxidizing action according to circnmBtances. 
Tbia may even be the case when only the single ion enters the reac- 
tion j the Uvalent ferrous ion may change into the trivalent ion, on 
the one hand, or into metallic iron, on the other ; that is, it may act 
reducing or ozidiang. 

Attention has been called by Luther' to the fact that since the 
change in free energy in an isothermal, reversible process is inde- 
pendent of the path and dependent only on the original luid final 
states, the work required to transform the lower directly into the 
highest state of oxidation is equal to the work required to effect the 
transformation from the lower to the next higher state plus the 
work required to transform the latter to the highest state of oxida- 
tion, etc. Since, now, the work for the reversible oxidation is meas- 
ured by the quantity of electricity consumed, the following holds : — 

(a + ft) QF = aqr' + bqw". 

Here a and ft represent the numbers of electrical units Q of elec- 
tricity consumed in changing the state of oxidation from the lower 
to the intermediate, and from the intermediate to the higher state, 
respectively. The electromotive force required dorii^ the first 
stage of the oxidation is f', and during the second stage r", whUe 
that required when the entire oxidation takes place in one stage is 
r. From the above equation the following is obtained : — 



In the case of iron, which may famish either di- or trivalent ions, 
Jihis equation becomes 

__2f' + f" 



and in the case of copper, which may fiimiBh oni- and bivalent ions, 
it becomes 

■ These equations state that the electromotive force which is n- 

1 Zttehr. ph^t. Ohem., 84, 488 (1000), wd 18, SSfi (19D1). The nnmerloal 
valuM hkve been Qhanged to agree with mon raocot meaaoiemeiita. 8m prort- 
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quired to can; crat Uie oxidatioii in one stage from the lowest to the 
hi^est state, is always between the two electrotnotiTe forces which 
are reqaired to carry out the oxidation from the lowest to the intet- 
mediate, and from the intermediate to the highest state, respect- 
ively. Hence, snch a relation as, 

r = F' + r", 

vbioh at first sight one might hit upon, does not hold. 

Nothing can be predicted in regard to the order of the three eleo- 
tromotive forces, since they depend both upon the nature of the 
substances and upon the concentrations involved. If the latter con- 
dition be eliminated by taking all substances involved at a concen- 
tration unity, then two typical cases may occur. 

Case I. Iron is an example of this case. When two of the values 
are known, evidently the third one may be calculated. Thoa for 
iron 

X' = fc i*.^ F." = - 0.94 volt, and 

Z"=t »«™d.,f-«i-t«i,t.^ = + 0.46 volt, 
has been fonnd. It follows, then, 

E = Z, r... » r.- = — 0-47 volt. 
The order is, therefore, e', je, and e", 

or, in other words, the strongest reducing process is l^t correspond- 
ing to z' and the strongest oxidizing process is that corresponding 
to ?". 

Leaving out of consideration the nc^tive ions, in the oell, 

Iron— ferrous ions «. 

Platinum — ferrous and ferric ions 1' 

the iron electrode is negative, and the platinum electrode positive. 
When the cell is active, the quantity of iron and ferric ions de- 
creases, while that of the ferrous ions increases. In the cell, there- 
fore, the same action takes pltuse as would take place if the 
substances at the same concentration were directly mixed, >'.«. for- 
mation of the intermediate state of oxidation at the expense of the 
other two, according to the equation, 

2Fe"'-(-Fe = 3Fe". 

Besides the above cell (1), two more may be formed by eomlnn- 
ing the three potential-difEerenoes. They are as follows ; ~— 
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IroD — ferrous ions ; 

Iron— ferric ions •" 

Iron — ferric ions 

Platimun — feirons and ferric ions-- 



(2) 



(S) 



In tiiese cells also, when a current flows, tiia intermediate stage 
of oxidation is formed at the expense of the other two. 

There are interesting relations which exist between these three 
oella. If the electromotive forces of the cells be calculated from 
tha single potential-differences, the following rallies aie obtained : — 



0) 
(8) 
(8) 



1.40 T<dtB 

0.47 *olt 
O.B8Tah 



If, further, the number of units -of electricity g which must be 
passed through each cell in order to dissolve 66 grains of metallic 
iron be calculated, the values obtained are as follows : — 



Cell 


OODUMM 


(1) 

m 


S9 
69 



Henoe the quantity of energy obtainable from the procesB, 

2Fe • + Fe = 3Fe", 

may be obtained in any one of the following three tonus aooording 
to the cell used: — 



(1) 
(2) 
(8) 



1.40to11sx23 
0.4TTolt x6s 
0.08 volt xSa 



Kattually, the product is In all cases eqoal to 2.80 x 96,540 joules. 
It is evident that here a true galvanic transformation of energy is 
beii^ dealt with, which is thereby characterized that only suoh 
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transformation relationB can appear as can be ezprcflsed in irhol* 
niunbera. Whether or not all these cells can be realized is another 
question. 

Cask II. Copper is an example of this case. The action is hen 
<the opposite of that in the case of iron, t.e. the lower and higher 
states of oxidation increase spontaneously at the expense of the 
intermediate state, as follows : — 

2Ctt' = Cn + Ca". 
When the cell, 

Copper — cnpronflicmB . 

Platinum — cuprous and capric ions ^'- 

(which, however, eannot be directly realized because of the unstable 
character of the cuprous ions), is in action cuprous ions must disappear 
and cupric ions appear. In other words, the platinum pole must be 
n^atire and the copper pole poeitire. Corresponding to this, the 
order of the electromotive forces is the reverse of that in tJie oase ot 
the iron, being 

r", r, and f'. 

In this case, the process oorresponding to e" is most strongly 
reducing, whUe that corresponding to £' is most strongly oxidizing. 

It is oharacteristic of alt such cases ae that of copper that cm the 
one hand the intermediate stage Gu' is more strongly oxidirang 
than the highest stage Cu ", and on the other, it produces a stronger 
reducing influence than does the lowest stage Gu. FurthermOTe, 
other conditions remaining the same, the activity of the intermediate 
stage both as an oxidizing and as a reducing agent increases with 
increasing concentration. 

Although it sounds paradoxical, by the oxidation of metallic 
copper a stronger reducing agent Cu', and by the reduction of 
onprio ions a stronger oxidizing agent Cu', is obtained. In other 
words, it may be stated that, by the addition of a positive charge, 
the oxidizing power, and by the removal of a positive charge, the 
reducing power, of a substance may be increased. 

Considering, finally, an iron electrode (the same holds for a cop- 
per electrode) in contact with a solution with ferrous and facrio 
ions in such conoentiations that 

X = z' 
and equilibrium exists at the electrode. The relation 
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it thaiL obtained directly ficnu Luther's equation. Hence when 
eqailibrinm is establlahed, the three potential-differenoee are always 
equal to each other. 

It may be well to say a word here oonoeming Che conditions which 
determine the actual production of the electric current.' It has been 
seen that in all galvanic cells a reduction and oxidatioti take place ; 
that is, at one electrode ions come into existence, and at the other 
ions disappear. That the reaction may be the source of cm dectrie 
current, the two processes must take place at pomtt teparated from 
each other. If they both occur at the same point, no electric 
current can be obtained. Zinc being placed in a copper sulfate 
solution, both the ozidati(m and reduction proceed aimultaneously 
at the surface of the metal The electric chaises of the dissolving 
zinc and precipitating copper have the opportunity of neutralizing 
each otiiei there, and the possibility of a removal of this neutraliza- 
tion to some other point (and thereby the production of an electric 
current) ia loet. Hence the general statement, that a chemical reaction 
bettoeen two mb^ances can only be used as a source of eleOrical 
energy when electricity is produced or disappears during the reaction 
(i.e. by changes in the charges of the ions), and also when the two >u&- 
OaTuxs separated from each other are Mill capable of undergoing this 
reaction. 

If zinc be in contact with a solution of zinc sulfate, and a 
platinum wire be plaoed therein, only a feeble current is obtained 
on oonnectiiig the wire with the zinc. If it be desired to dissolve 
the zinc rapidly, that is, to cause it to pass into the ionic state and 
produce a la^e current, this may be accomplished by surrounding the 
platinum with a Bolution such as that of a copper salt, or of sa acid 
whose positive component has a smaller tendency to produce ions 
than zinc. The addition of the copper or acid solution directly to 
the zinc solution would evidently not produce an electric current. 

In the production of galvanic currents many different oxidizing 
agents have been used to achieve the highest possible efficiency, 
without die theory of the phenomena being clearly understood. One 
of the most oonmion cells is the bichromate cell, consisting of 

Zn - H,Cr^^a/^A + H*SO«) - C. 
The process consists essentially in the formation of zinc ions at the 
negative (zinc) electrode, and the reduction of chromium ions at the 
positive (carbon) electrode from higher to lower valen(7, whereby 
electricity is given up to the electrode. 
> Oftwsld, >• ChemlMbe Feraewlrkoug," Zttchr. pkgs. CkcM., 9, 640 (1803). 
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TIte electromotive force of this cell is great, because the zinc hu 
a strong tendeaoy to go into the ionic state, and the chrominm ions of 
h^h valency also tend strongly to change into lona of lower valency, 
the two tendencies additively producing the high electromotive force. 
Furthermore, it is clear that the electromotive force of thia cell, 
when active, most giadoally dlminiah, because zinc ions are con- 
tinually forming, while the concentration of the chromium ioi 
higher valency is decreasing, and that of those of lower valency in- 
creasing. Each of the three changes reduces the electromotive force. 

The energetic oxidation of the zinc and the high electromotive 
force of the cell is therefore obtained by the addition of the oxidiz- 
ii^ agent, not to the zinc, but to the carbon. 

It is also possible to dissolve the noble metals or to change tham 
into the ionic state in a similar manner. A cell consisting of 

Pt — If aCl solution — Au 

produces no electric current, though one is produced when chlorine 
Tater is introdooed at the platinum electrode, the gold dissolving. 
The great tendency of the chlorine to yield ions may be looked up<m 
as forcing the resistii^ gold to act similarly. Addition of the 
chlorine water to the gold electrode alcHie would not result in the 
production of a current (the platinum being unaffected)^ and the gold 
would oxidize very slowly. 

The free energy of other processes, such as that of solution, can be 
made to produce an electromotive force by being coupled or combined 
with oxidation or redaction processes.* Thus the double cell, 

Hg(in Pt) — saturated solution over solid salt — Ot(in Ft) .„_. 
H/in Ft) — pure water- AC™ Pt). !' 

produces an electric current which flows from the saturated solution 
through the oxygen electrode to the pure water. The process which 
takes place when the cell is in action is merely the combining of 
water with solid salt to form a saturated solution. Since this pro- 
cess can in this manner be carried oat reversibly, the electrical 
enS^y derivable from it gives directly the maximum available work 
of the process. Aa a matter of fact, the same relations have been 
considered, only from a different standpoint, earlier in the book, 
especially in the section on double concentration cells (see page 211). 
Finally, tho above cell shows clearly that the active mass of the 
water is the solution is not, as has be^ tacitly assumed up to thia 

1 Oatwald-LtUber, Amd- tttul H{lftbiieh, p. SSB. 
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point, equal to that of pare water. It is proportional to the vapor 
presBure. In the ease of dUute acdutions, however, the difference 
between the aotire maaaee of pure water and solution, and therefore 
also the electromotive force of the cell, is very small. Since the 
active mass varies, the product H' x OH ' mnst lUso change ; for if it 
remained oonatant, then, considering the above eell as a oombina- 
tion of 

Hydrogen H" 

and Oxygen OH'. 

electrodes, no electromotive force oonld arise. 

FORMATION OF POTENTIAL-DIFFERENCE AT THE ELEC- 
TRODES. SPONTANEOUS EVOLUTION OP OXYGEN OR 
HtDROGEN. THE PROCESS OF CURRENT PRODUCTION > 

In considering any electrode and an aqneous aolation of the cor- 
responding ions, between which there exists an electromotiTe force 
I, it mast not be fiwgotten that there are also hydn^en and hydrozyl 
(or oxygen) ions present in the water. Hence in order that equilib- 
riom may be established, each electrode mast become charged with 
hydit^n and oxjrgen to such an extent Hoi, the potential-difEerenoe 
of the combination, — 

Hydrogen — hydrogen ions — , 
and of the combination, — 

Oxygen — oxygen iona — , 

is eqoal to r. In this connection, the reader is referred to the dis* 
eoBsion on page 187 and to the note cm page 264. This process ia 
of special importance in the case of platinized platinum electrodes, 
because they dissolve large quantities of gases, and, further, because 
a state of eqailibrtum is established in a short time. At a platinized 
ferri-ferro electrode, for example, the following equilibrium equa- 
tions most be satisfied : — 

2 Fe" + 2 H* 5* 2 Pe" + H» 

2Fe" + Sl^2Fe" + 0". 

If the tri- and bivalent iron ions are of normal oonoentratioD in the 
■olation, the^qgUte potential-difference, — 

E„te.t»A.-.UMn>UM=' +0.46 TOlt 

< 6m also Fradenhageo, Ztaebr. aiwrg. OkewL, Wt, SM QML} 
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It f<^owB from this that, at a given concentratioii of hydrogen nni 
oxygen ions, the oonoentiations of the hydrogen and the oxygen in 
the electrode may be calculated. The latter must, naturally, be 
changed by a, change in the oonceatration of the hydrogen and oxy< 
gen ions if that of the iron ions remains unchanged. A abort eaa- 
sideration shovs that to a higher charge of oxygen there always 
corresponds a lover one of hydn^en, and oonrersely. Now it is 
evident that when the concentration of the gas in the electrode be- 
comes too great, it escapes from the electrode. Assumii^ that this 
takes place if the hydrogen or oxygen exerts a pressure of one atmoa- 
phere, then it may be stated that every oxidizing agent for which 

t**.*.-**.!,^ > OM Tolt, 
or, what is <itm same thing, 

^d«tn>d.-dKbdTt. > 1-22 volte, 

must canse the evolution of oxygen from a solution which ia normal 
in respect to hydrogen iona. This action must, moreover, continue 
nntil the concentrations involved have been bo diminished as to 
lower the potential-difference to the value 0.94 or 1.22 volts, accord- 
ing to the standard of reference adopted. On the other hand, a re- 
ducing agent for which the potential-difference Ec or r^ lb less than 
—0.283 or 0.00 volt respectively, will caose hydrogen to be evolved 
from a solution of hydrogen ions of normal concentration. Thus it 
is seen that oxidizing and reducing agents in aqueous solutions are 
relatively stable, and capable of measurement only within narrow 
limits. Outside these limits only states in transition exist, and 
therefore the deduced equations are no longer applicable. This is 
true, for instance, of solutions of persnlfatea which break down 
into sulfates with the evolution of oxygen. Only when the per- 
sulfate concentration becomes very slight is the potential-differ- 
ence corresponding to its relative stability reached. Belative 
stability only can be spoken of because all oxidizing and reducing 
agents nnde^o such a change with hydrogen and oxygen ions (and 
consequently with the corresponding charges of gases on the elec- 
trode) that their electrode potential-differences always approach that 
value corresponding to the atmospheric oxygen. Since this oxygen 
is present in an inexhaustible quantity, its concentration remains 
constant The iron electrode mentioned above is in stable equilib- 
rium in the air only when in a solution of such a concentratiim in 
respect to the oxygen (or hydroxyl) ions that the electrode of atmos- 
pheric oxygoi in it also produces a potentdal-difEerenoe of 0.46 volt. 
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I asBomption is here made that the ezisting hydrogen conoentrar 

1 in the electrode remains unchanged. Since, striotl; speaking, 

B would only be the case when the correspondiiig pressuie of 

diogen ezists in the atmraphere, which certainly is not the ease, 

e conclusion ia now reached that a state of complete equilibrium 

nerer attained. However, since as long aa the presBores of the 

tsee do cot exceed one atmosphere they difinse from the electrode 

ito the Burronndings very slowly, it may be assumed id piaotioe 

hat, below this limit, the relations may be calonlated. 

Another important result may be obtained from these oonsidera- 
doDA. If for a reducing agent, 

bdM»d.-.i«t»uti < 0.00 volt, 

it will Qo longer be stable in a 1 normal solntiou of hydrogen ions, 
but will be stable in a solution oontaimug less hydrogen ions, as, 
for example, in a solutiou containing hydroxyl ions. The lower the 
l^drogen ion concentration, the greater (countiug negatively) will 
be the potential-difference between the hydrogen under atmospheric 
preBBure and the solution, and the greater can also be that between 
the reducing agent and the solution without causing hydrc^en to be 
evolved. The less noble metals, such as iron, fumieh the simplest 
illustration of this behavior. In a 1 normal solution of feirooa 
ions, which is neutral and therefore contains but few hydrogen ions, 
iron does not evolve hydrogen. On the other hand, if the solution 
ia acid and therefore contains many hydrogen ions, the iron evolves 
hydrogen immediately. 

Ad aualc^ous discussion may be applied to the case of oxidizing 
agents, or substances producing high positive potential-differences. 
Tbej are more stable and evolve oxygen less energetically and after 
a longer time in acid than in alkali solutions. 

Id the previous discnssion it was assumed that the potential-dif- 
ference in the case of such oxidizing or reducing agents as a ferri- 
ferro solution, the changes of which do not involve hydrogen or 
hydroxyl ions, is independent of the concentration of these ions, i.e. 
is the same in acid or alkali if the concentration of the ions of the 
oxidizii^ or reducing substance is not changed. Within certain 
limits, experimental measurementB have confirmed this assump- 
tion. The m^oitude of the concentration of the gases hydrc^n and 
oxygen on the electrodes naturally changes, as already explained, 
corresponding to the changes in the concentraticms of the hydrc^en 
and oxygen ions. 

If there is a possibUity of further reactions takii^ place at the 
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electrodes, u vonld be the case, for ex&mple, if iodine be added, 
then in thia oaae, Then equilibriam ia again established, the poten- 
tial-difFeience between the iodine and iodine ions most be equal to 
that just considered above. If the eleotrolTtio potential-differenoa 
for the individual reactions be known, then very interesting caloo- 
lations may be carried oat. Por example, we may caloulate the 
ratio of ferroos to ferric ions which may exist in a normal solaticHi 
of iodine ions which is saturated with iodine.' 

If it is so desired, all galranio cells, especially those with plati- 
nized electrodes, may, therefore, be considered as hydrogen and 
oxygen oonoentration cells. It is not possible to say with certainty 
just how in the individnal cases the electric carrent conies into 
existence. It is, in all probability, different in different cases. In 
the case of the ferri-ferro electrode it may be assumed, as has been 
done in the preceding pages, that the current results from the direct 
transformation of ferric into ferrous ions, but it also seems permisr 
sible to assume that the current, or a part of it, results from sucb,a 
leaction between the ferric and hydroxyl (or oxygen) ions as is rep- 
resented t^ the equations given on pi^ 263. As a result of this 
reaction, the electrode may become laden with hydrogen, and there- 
upon become eleotromotively active. In the case of the oxidatitm 
of thioBulfate to tetrathionate according to the equation, 

2S,0/' + 2 9 = 8A", 

it has been shown hy Thatcher * to be very probable that the process 
only takes place through the agency of oxygen. Likewise in the 
case of organic oxidizing agents, for example cbinone, which are 
not measurably ionized, the above assumption seems plausible. In 
an analogous manner, through a reaction takii^ place at the elec- 
trode by which a reducing is transformed into an oxidizing sub- 
stance, e.g. ferrous into ferric ions, the electrode may become laden 
with hydrogen, and then exhibit an electromotive force. In the 
case of the metal electrodes we will assume that the current is not 
produced by such an indirect process, but by the direct passage of 
the metal into the ionized state, although opposition to this view 
has already become strong. 

There are many metals which, upon being dissolved electrolyti- 
cally, are capable of forming more than one kind of ions. This fact 
raises a question as to the nature of the process of solution in such 

> VOt tnither pwtlonlara, see Abegg, ZttcAr. Sleetnehem., 9, 609 (1908). 
* ZUehr. pht». Okem., At, Ml (IQM). 
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eases.' Nov the netalB mtut dissolve in such a manner that the 
potential-ditfeiences between the electrode and the Tsrioos ions shall 
be the same. The relation between the concentrations of the iona 
being formed is thereby determined. If another substaaoe, which 
forms a complex compound with one kind of ions, be added to the 
solution, it is at once evident that the valence wiUi which the metal 
goes into solution will be more or less changed in faror of the ion 
thus constantly removed to form the complex compound. Undoubt- 
edly complications often appear during the solution of metaU. 
They will be considered further in the section on the passive 
state. 

ELECTROMOTnrE FOBCE AND OHEHICAL EQUIUBRinH 
When an eleotromotively active reaction takes place at an elec- 
trode, and all effective concentrations are equal to unity, the 
measured value of the {Wtential-difFereuce of this reaction has been 
called its "electrolytic potential" (see page 253). Absolute values 
of the " electrolytic potentials " cannot be obtained with certainty at 
present The question now arises whether or not such values may 
be calculated directly from purely chemical data. 

In order to calculate the value of the electrolytic potential, it is 
only necessary to know the maximum quantity of work obtainable 
when, by means of a non-electrical, isothermal, reversible process, the 
substances involved on one side of the reaction equation at unit con- 
centration are transformed into the substances involved on the 
other, likewise at unit concentration. If now the transformation be 
imagined to take place electrically, the mn'rimum work obtainable is 

ff. = vqv. 

8ince the maximum quantity of work is, aooording to the seoond law 
of energetioB, the same whatever the process used. 



The value of IF can, in the ease of gases and diswlTad BobstanoeB in 
dilute solati(ms, be calculated. 
Gcotsider the system, 

oA + bS ... -I- Ts (-I-) ^dD + eS — 

1 Lb Bla&o, Zttehr. Sleetroehem., 9, 686 (1908) ; AbeKg^knkoB, Ztaeltr. 
, 18, «T (1906). 
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in eqnilibrinm, tliat ia to ea,j, tmder eoch conditions of ooncentntion 
that DO work is required to oany ont the prooess in either dixeotion. 
Further, let these concentrations be represented hy 

^ At "^ Bt '" ^P ) ^ M > '"> 

and the number of mols of the substances inTolTod \fj 

a, b, ■■■ d, e,—, 

respectiTely (see page 263). Then accotdit^ to the mass action law, 
the following relation exists between the quantities of the substancefl 
entering the reaction : - 



C'a' X C),' 
CV xCV 



= K,', 



where K,' is the equilibrium constant. 

In order to calculate the maximum work Wof^« process, we may 
proceed as follows : — 

1. With the aid of the simple gas laws which apply to dissolyed 
substances (see page 168), the work expended or gained in bringii^ the 
given number of mols of the substances on one side of the above 
reaction equation from the concentration unity to the concentrations 
Ca'i ^Bi — °i*y bo calculated. 

2. Under equilibrium conditions, these substances at the above 
concentrations may be transformed into the aubstances on the other 
side of the reaction equation at the c(mcentratioQS Co, Ca, •-> 
without the expenditure of work. 

3. Finally, the quantity of work involved when the concentrationa 
of the latter substances are changed from Co') C^', •■■ to unity may 
be calculated. 

If Z* is the room temperature and W the maximum work of this pro- 
cess, the following equation is obtained from the above calculations.^ 

Therefore the absolute value of the " electrolytic potential " is given 
by the equation, 

(Kp)=^ln.ff.'. 
^ ' vo 

By oombinii^ this eqnation with tiiat given on page 363, the follow- 
ing general expression is obtained : — 

1 For further partieiilAn see Nemat, Theortt. Chem., Mt aditicin, p. MB 
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er V (absolnte) = ^^An K.' + In *^^^V"\ 

where C^, (7^, ■■- Cb, C., •- repteBent any oonceatr&tiraiB of th« 
substatices mvolved. 

The value of K„ the equilibrium constant of the sii^le reaction 
which takes place at one electrode, cannot, however, be experimen- 
tally determined, for a chemical reaction always consists of an oxida- 
tion and a simultaneous reduction ; never of one of them alone. By 
chemical methods, it is only possible to determine, in a given experi- 
ment, the equilibrium constant of the total reaction taking place at 
the two electrodes. It iB, therefore, not possible by means of deter- 
minations iyt equilibrium constants to obtain a knowledge of the 
Tallies of the potential-differences of single electrodes. However, 
with the help of saeb determinations, and a knowledge of the con- 
oentrations of tbe substances reacting at the electrodes, it is possible 
to calculate the electromotive force of the cell, which is, if the po- 
tentdal-difference between liquids be disregarded, eqnal to the sum of 
the two single potential-differences. This may be done with tha 
help of the equation, 

■fsv c:xc,-j 

in which K, is the equilibrium constant of the total reaction taking 
place in the cell, w is the electromotive force of the entire cell, and 
the terms after the logarithm sign are the concentrations of the 
substances which react at the two electrodes respectively. 

In this connection it should be remembered that the electromotive 
force of any galvanic cell may be calculated by a second method with 
the aid of the heat of reaction Q, and the temperature coefficient of 
the potential-difference ~. The equaticm is that ftnmnlated by 
Halmholtz (see page 173) : — 

8 dT 

The former equation, first put forward by van't Hoff in the year 
1886, has recently, at the instance of Bredig, been tested experimen- 
tally by Knttpffer.' The results obtained will now be considered. 

1 ZlKkr. pkfM. OhtM. , M, 266 (1896) ; also, ZbeAr. Elektrochem., A, 644 (IBOB). 
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The double reversible chemical tnnsfonnatdoii, 



ma inrest^ted. Since the ttattsfomiation ia indepeodeDt of the 
qoaotity of the solid salts, and since the concenttations of the latter 
may be regarded as constant, it is only necessary to coosider the sub- 
stanees in solutioa. It is, moreoTer, assumed that the solutions are 
dilute and that the dtssolved substanoes are completely disaooiated, 
i.e. an present in solution in the form of potassium, sulfooyanate, 
thallium, and chlorine ions. The potassium ions take no part in the 
reaction. The equilibrium conditions are, then, given by the eqaa- 
ti<m, 

' On-X Cor ^ Oar ^^ 
Cti' ^ Ototr Ckm- 

Attention is oaUed to the £aot that 

CnXCc. = 8 

is the Bolabilit^ product of a saturated thallium chloride solution, 

andthat Cn- X Cbcm- = S' 

is that of a saturated solatitm of thallium sulfooyanate. Hence the 
equilibrium constant is in tiiia case equal to the ratio of the two 
solubility products and may be calculated from these quantities. It 
was, in fact, determined by ascertaining the ooncentrations of the 
chlorine and sulfooyanate ions in solutions formed by shaking a solu- 
tion of potassium chloride with solid thallium sulfocyanate, and by 
shaking a solution of potassium sulfocyanate with solid thallium 
chloride. The following average results were obtained for this re- 
action: — 



nXATDB 


•OT 




0.8' 




1.T4 


20.0- 




1.24 


39.9- 




0.86 



Using these values of the equilibrium constant, it is possible to 
calculate, for any known concentrations of chlorine and sulfooyanate 
ions, the values of the electrcunotive force of this process at these 
temperatoree. By placing 
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io the equation given on page 269, the following expiession ie ob- 



In order to be able to meaBore directly this eleotromotiTe foroe, it is 
neoeasaiy to devise a cell by means of irliich this reaction may be 
made to produce an electric current. Such a cell is the following 
ocnabinatioa : — 

Thallinm amalgam — EGl solntion sat vith TlCl- -, , 

ISutUiom amalgam - ESCS solutioo sat with TlSdT- J ' 

If, when this cell is in action, the positive electric current flows in 
the cell from the upper to the lower thallium amalgam in the above 
BOheme, thallium and sulfocyanate iouB are formed while simul- 
taneously thallium and chlorine ions disappear. Hence only the 
chlorine and sulfocyanate concentrations are changed. The electro- 
motive foroe of the cell must, therefcne, depend upon the ratio of 
these two concentrations to each other. 

The values of the elect^motive force found by experiment agree 
-well with those calculated with the aid of the equilibrium constants, 
as may be aeen from the following table : — 

EuMnvoHOiiva Foioa 
TsMnunm CUonlated VamtA 

0.8" 17.1 17.6 millivolts 

200" 9.8 10.6 miUivcats 

89.9* 0.6 1.0 millivolt 

It may be remarked, further, that this cell can also be considered 
Bs a concentration cell in respect to the thallium ions, and that its 
electromotive force can also be calculated by means of the equation 
iqtpIyiDg to such cells. 

One further interesting relation is shown by the equation given 
above. If a is made equal to K,, i.e. if equilibrium concentra- 
tions are maintained, then the electromotive force of the cell is 
equal to zero. This follows from the &ot that, when chemical 
equilibrium exists in a cell, electrical equilibrium must also exist. 
Utilizing this fact, the appearance of a state of equilibrium may be 
shown by electrical measurements. Thus Cohen ' determined transi- 
tion points by means of measurements of electromotive force. Zinc 
sulphate crystallizes at room temperature with seven molecules of 
> Zfehr. phyM. Olum., 14, 63 and 686 (18M). 



2T2 A TEXT-BOOK OF ELECTBO-CHEMISTBT 

water, while at a someThat higher temperatare it orTStaUizes witb 
ax mcJecules. Hence with the ctHnbination, 



Zn — ZnSO, ■ 7 H,0 in contact with the aolid salt-- 
Zn — ZnSO, ■ 6 H,0 in contact with aolid salt 



which is a concentration cell (or in this case a transition cell), an 
electric current may be obtained because the two hydrates are not 
equally soluble. Its construction is conditioned by the fact Uiat 
below the transition temperature the metastable hydrated salt, 
ZnSOt ■ 6 H,0, may exist for some time. This condition can, how- 
ever, be avoided by an artifice. If the temperatute of such a cell be 
varied, so slowly that the solution is always saturated, to the transi- 
tion temperature, the electromotive force decreases and finally at 
this temperature becomes equal to zero, since here the solubility 
carves of the two hydrated salts intersect each other. From what 
ha8 already been stated io reference to concentration cells, evidently 
the relations existing in this cell may be calculated. 
The reaction, 

Metal oxide;^metal -l-oxygen, 
and also the reaction, 

Metal halide :^ metal + hal<^E6D, 

forms an especially simple case. Here the following equation holds, 

W=Jjrinp* 

where p^ represents the dissociation tension or pressure of the metal 
oxide at the temperature T/ for it alone determines the equilibrium. 
In this equation TTrepresente the work obtainable when one mol <d 
oxygen passes from a pressure pg atmospheres to a pressure of one 
atmosphere. It may be obtained in the form of electrical energy 
with the aid of the cell, 
Hetal — Bolntion of metal oxide (sat.) — oxygen (atm. preseure). 

When one mol of oxygen is transformed in this oell, the eleotrioal 
wort. 

Hence we have the following equation: — 



1 Bothmond, Sichr. phfi. Ckem., M, 60 (1800); and Lewta, Ztaob-. jiJ^ 
CluM.. H, 440 (1000). 
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l^refore, the Talne of r being known, that of p^ may be oalonlated. 
This cell may also be oonsideied as a ooDoentration cell in respect to 



The investigation of Luther and Samtuet' fumisheB an example 
of a somewhat more complicated relation between the electromotive 
force and the equilibrium constant The eqnilibrium ooostaut of 
the reaction, 

6 H-+io,'+6 r:;t3 1,+3 H/), 

ma determined chemically, giving the following: — 

jr.„_@3!x_a9|l2La2„2.8(+o.3)xl(>'. 

The above reacticm ma; now be considered to be made np of the 
following individual processes : — 

2 10,+ 12 H- + 10 fl (-)5tI, + 6 H^i (a) 

I' + 3H^ + 63(+) ^tlO-. + eiT; (ft) 

4I' + 4 2(+) 5>:2I» («) 

A Snmmation in the usual manner of the members on either side of 
the ^ sign of these equations gives the above original leaotum 
equation. 

If now all three processes exist in equilibrium in a mixture, and 
if a reversible electrode for each process be placed in the mixtun^ 
Gieai it follows from what has been said in the last two sections that 
the three potential-difFerences between the respective electrodes and 
the solution mast be equal to each other. Under these oircum- 
stances these potential-differences will be represented by the follow* 
tiig eqnationB : — 

(<■) (•) 

*** '~*" ^^loa I, 

W TO 

<°' '"' .^ ^s 

1 ZtMkr. !%•. Ohtm., U, 041 (1906) ; Zuda: KUetnAtm., 11, SB8 (1906). 
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Tor proeesa (a) it me possible to obtain » Fereieible pla^UD 
electrode. The ooooeiitTStitHis of H', 10*', and I, were found to be 
of considerable magnitude and also measurable. Henoe it was pos- 
sible to determioe^ '^and therefore aleo^ 'and ^ ' 

In an analogous Bianner the reaction, 

6 H +BrO/ + 5 Br'^3Br, + 3 HA 

was inTestigated. It was found possible to calculate the oorre- 
eponding values for chlorine. The fdlowing results referred to the 
ealomel cell were obtained : — 



F|dHln4.^«Mnl]t> 


lonna 


Buaun 


cu.u» 


FlMMM (a) 

ProoMi (6) 

PtOOMBCc) 


0.8M 
0.802 
0.346 


1.188 
1.188 
OJU 


LIS 





In the case of bromine and of iodine there exists a oonsiderable 
potential-difference between the liquids. B7 means of an artifioe 
this has been made oalculable, thus permitting it to be taken into 
consideration in calculating iha above values. The temperature of 
the measurements was 25°. 

It being known that at the transformation temperature, or, more 
generally speaking, at the point of equilibrium of two systems, the 
potential-difFerence is equal to sero, it may at once be concluded 
that no potential-difference exists between a solid and a fused metal 
at its meltii^* point. It is impossible, therefore, to obtain an electric 
current fo>m a cell composed of an electrolyte, and of a fused and a 
solid electrode of the same substance at this temperature. From 
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this it U evident that the heat of fusion, no more than the heat oi 
solation (see also page 227) can be considered ezclusiTely as the 
direct source of the eleotrioal energ3r. This conclnsioii has been 
confirmed by the results of experiment. ' If such a cell be placed in 
surronndii^ of a temperature other than the meltii^ point, whereby 
either the liquid or the solid phase must beoome unstable, naturally 
an electric current is obtained because the two phases are no loi^r 
in equilibrium ; but the (me is capable of nnde^oing transformaticsi 
into the other with the simultaneous production of free energy. 

VELOCnr OF ionization. PASSIVnT. CATALYTIC 
INFLUENCE 

Up to the present the velocity of the passage of a sabstanoe to and 
fiQjn the ionized state haa been left entirely out of consideration under 
the tacit assumption that, in comparison with the velocities usually 
measured, it is infinitely great In the case of the Daniel! cell, for 
example, at a constant temperature, the electromotive force is depend- 
ent only on the concentrations of the two solutions. Constant prop- 
erties are ascribed to the zinc (which furnishes the ions) which are 
also independent of the strength of the electric current. It may 
now be questioned whether there are not cases in which the velocity 
of the formation of ions is no longer infinitely great, bat possesses 
very different values under difEerent circnmstanoeB. What would 
happen in the case of the Daniell oell if suddenly the velocity of 
the formation of anc ions should fall to zero? In answer to this 
question it may be stated that the zinc would then behave like 
a noble metal and that the cell would no longer of itself furnish an 
electric current If, furthermore, with the aid of an independent 
electromotive fwce, an electric current should be sent throi^h the 
oell in the direction of die current of an ordinary Daniell cell, oxy- 
gen would be evolved at the zinc electrode. 

In general there are a number of possible processes which may 
take place at an electrode upon the passage of an electric current, 
and of these processes, that one takea place which gives rite to the 
higher electromotive force. Here again it is assumed that the veloc- 
ity of ionization is infinitely great If this velocity is not suffi- 
ciently great, the above principle becomes invalid. 

It sometimes happens that a base metal which under ordinary 
circnmsUinces is dissolved as required by its valence and Fara- 
day's law, under other oonditions behaves like a noUe metal 
^Zfdur.pky. Ckem^ 10, 4S» (18»). 
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This beliavior is called passivity. It was first observed with iron 
at tite end of the eighteenth century. In concentrated nitric acid 
iron loses the power of dissolring with the evolution of hydrogen 
which it posseBses in dilute acids. Even when used as an anode in 
dilute nitric acid it does not go into sotutioa, but instead permits an 
evolution of oxygen. Recently it has been found that this phe- 
nomenon of passivity is of frequent occurrence, occurring with iron, 
nickel, and other metals in alkali solutions, with nickel also when 
it is nsed as an anode at ordinary temperatures in salt solutions 
which are neutral, or acid with nitric or sulfuric acid. 

Until recently, the phenomena of passivity were explained on the 
assumptioa of the existence of a film of oxide covering the metal and 
protecting it mechanically from corrosion. There is no doubt but 
that this explanation is a satisfactory one for a large number of 
eases. This is sometimes evident from the appearance alone. For 
example, lead when used as an anode in a pure sulfuric or chromic 
acid solution with a sufficiently small current density is insoluble 
and becomes covered with a visible layer of lead sulfate or peroxide 
at which oxygen is evolved. Analogous behavior is always observed 
when a salt, the anion of which forms a difficultly soluble compound 
with the anode metal, is used as the electndyte. 

It is a remarkable fact that the anode metal Is easily dissolved 
when, besides a salt of the above description, the electrolyte contains 
another one in excess which is indifEerent and which furnishes an 
anion which forms an easily soluble salt with the anode metaL 
This behavior is utilized technically in the preparation of difflcoltly 
soluble compounds (Luckow's process).' For example, lead, when 
used as an anode in a solution of sodium ohromate and sodium 
chlorate, dissolves easily, and a beautiful precipitate of lead chro- 
mate is formed which rolls from the electrode, leaving it still bright. 
This is explained by assuming that, due to the action of the indiffer- 
ent ions in the mixed solution, a liquid layer free trom chromate 
ions is formed directly at the surface of the electrode soon after 
the electrolysis is started. The adhesion of the precipitate to the 
electrode is thus prevented. Hence only at the beginning of the 
electrolysis can a precipitate of lead chromate be formed directly on 
the anode, and this precipitate does not protect the electrode, for 
a covering impenetrable to ions can only be formed when it can be 
oontinaalty patched or repaired. 

After the above presentation of the subject, it would be justifiable 

1 Le Blanc uid Blndsohedler, laenbnig, Jnat ; ZOeAr. XltktroeheM., I, 2M 
(1002)i 9, 276 and 547 (IMS). 
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for one to expect that, if the pasBmt^ of a metal in an «leotroljte 
ia gOToned hy the fonnation of a precipitate, the additicHL of a 
second electrolyte in which the same metal aa an anode disaolvea, 
forming a soluble compound, would overcome the passinty and 
cause the solutioii of the metal with the stmultaneoos formation of 
a precipitate which would fall from the electrode, as in the case 
of the lead ohromate.' This holds for iudlTidual cases, as for 
example nickel and iron in alkali solutionB, but not in others. For 
instance, although nickel as an anode dissolves in sodium nitrate, 
upon the addition of sodium chloride no precipitate is formed. It 
aeems scarcely possible to explain this case of passirity in the 
above manner, i.e. on the assumption of the formation on the 
o^inally active metal of a protective coatii^. Some kind of an 
insoluble oxide or other compound may gradually form. It can- 
not, Aotoemr, be tke cause of the passive etate of the metal, but, on the 
other hand, vwM be the result of previoudy exietmg paBsivitp. The 
same can be said of a film or coating of a gas which may appear. 
Tip to the present, the optical investigation of the electrode surface 
has not led to a conclusive result. It vould only be of decisive sig- 
nificance if it furnished certain proof that in individual oases of pas- 
sivity no oxide layer or coating is formed. A proof of the presence of 
such a coating, on the other hand, could not, as already emphasized, 
be considered as a conclusive result in the opposite direction. 

The above discussion brings. oa to the idea already indicated, that 
here we are often dealing with nothing more than the phenomenon 
of reaction velocity. It is well known that the velocity of a large 
number of reactions is not only greatly changed by temperature 
changes, but also by the addition of substances which are apparentiy 
inert. Furthermore, it is known that a large number of reactions 
proceed with such a moderate velocity that they can be easily fol- 
lowed. It should not surprise us especially, therefore, to know that 
the velocity with which a metal goes from the elementary state to 
t^e ionic state is not always very great. This tracing back of real 
passivity to an exceedingly small ionization velocity of the metal 
is a gain in that it uncovers the real character of this phenomenon. 
It is then only a special, if also an especially interesting, case of 
reaction velocity.' 

Platinum as an anode does not dissolve in a solution of potassium 

1 Le Blanc Mid Levi, Boltenuum-Festachrift, 19M, and Zttdw. Eltktrodiem., 
11,9(1906]. 

* Lew geneial conceptions ol pawiTlty aie given try W. HOller, Ztsehr. Slik- 
frocAm., 11, 76G and ^ and I17 0. Saokoi, In Uie nme volume, p. 841 (19(»> 
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Cfwiidfl, bat aocordii^ to F. Glaser,* it disBolyes like a base 
metal in the same solution without the aid of the electric corrent, 
althon^ Tety slowly, acoompanied by the evolatioD of hy dn^ea. 
This mnet be otmBidered as a case of trae pasaivity. 

The isTestagaldoDa of Hittorf onchiomium* may be interpreted in 
a similar tnauier. Aooordii^ to the choice of soWent, tempera- 
tore, etc., the ohromium is dissolved at the anode in a di-, tri-, or 
hezaralent state. In dilate hydroohloric acid, for example, the 
ehrominm dissolves at moderate temperatures in the divalent state. 
If, howerei, solutions of the alkali sulfates be subjected to eleo- 
trolysis at 100* (, usii^ metallic chromiom as an anode, chromio aoid 
is obtained. In the former case the process is sponta&eoos and 
therefore is capable of doing work. Here the ohromium plays, 
Id all respects, the part of a base metal, simulating zinc In the 
seoimd case work most be expended in order to bring the chro- 
mium into solution. The chromium now behaves like a noble 
metaL This process especially directs our attention to the fact 
thai the ^eetromMivefonxd^jtenda, not vpcn the tabitance, but ttpoH the 
proceaa. Moreover, caleolated resnlts can only be correct when the 
assumed process actually takes place alone. It may be said that in 
the first case the velooi^ of the formation of bivalent ohromium 
ions is very great, while in the second case it is so small that the 
formation of hexavalent ions takes place. Here is an example of a 
teal transmutation, i.e. a transformation of a base metal into a noUe 
one, although of a different kind from that sought by the alchemists. 
At present nothing further is known of the conditions upon which 
this change in reaction velocity depends. 

Analc^us relations exist, according to Luther,' in the case of 
ozone. Ozone possesses different electromotive activily and enters a 
reaction with different valences according to the nature ot the indif- 
ferent electrode. At a polished platinum anode it is univalent, 
while at a polished iridium anode it is divalent 

Furthermore, in the case of metals such changes in valence often 
take place with changes in the anodic treatment For example, zinc 
and copper, as anodes, dissolve at least partly in the univalent state 
in the presence of oxidizing agents. Since those univalent ions are 
strong reducing agents, the oxidizing agent is reduced or hydn^en is 
evolved at the anode. Thus we have, as a noteworthy result, a 
reducing action at the anode.* 

> ZtaeAr. SUktroAem., 9. 11 (1003). *Zliekr. pKf*. Oh*m^ U, 730 (1908). 

■ZtKkr. Bl«ktrochem., 11, 832 (1906). 

* Lather and Schilow.ZttcAr.jjfty*. CAem., 46, 777 (1903). 
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It does not seem impossible that the latter change is valence may 
be explained in a manner similar to that given on pt^ 267 for the 
formation of complex compounds when a metal is dissolved. In 
both cases there may be a oontinTial removal of one kind of ions 
and thUH a tendency to favor the formation of this kind of ions. 
Hoirever, a definite statement of the cause of the phenemenon can- 
not be given tmtil the subject is further investigated. 

In closing this disouaaion of passivi^, a number of cases in which 
a catalytic infinence on an eleotro^emioal process has been observed 
irill be presented. 

From the cell, 

Zn — ZnSOf solution - HKOt solution ~ Ft, 

an electromotive force of 0.7 of a volt according to the investigation 
of Ihle ' is obtained if the nitric acid solution is dilute and free from 
nitrous acid. During the action of the cell, hydrt^en is evolved at 
the platiniun electrode. If now a small quantity of nitrous acid 
be added near the platinum, the evolution of hydrogen ceases and 
simultaneously die electromotive force rises to about one volt. 

Tlie explanation is aa follows: The nitric acid is an oxidizii^ 
(^nt> i.e. it is capable of producing hydroxyl ions by unde^cnng 
decompoeition into the lower oxides of nitrogen. The velocity of 
tiie ftmnation of these ions ia, however, under ordinary circum- 
stances practically equal to zero. Henoe the nitric acid does not 
behave like an oxidizing agent, but like any other acid, and therefore 
causes hydrogen to be evolved at the cathode as usnaL The nitrons 
acid accelerates the formation of the hydroxyl ions, and since this 
process takes place spontaneoualy with a much higher electromotive 
force, it replaces the evolution of hydrogen. Consequentiy the elec- 
tromotive force of the coU rises. 

Finally, the observations of FOrster ' and Voege ' on the redootion 
of potassium chlorate should be mentioned in connection with this 
subject The former found that when high-current densities are 
used, this salt is scarcely at all reduced when the cathode is of 
platinum, lead, zinc, or nickel, very stroi^ly reduced when the elec- 
trodes are of wrought iron, and only moderately when the electrodes 
are of cobalt The latter investigator found that in acid solutions 
the activity of the redaction is dependent upon the material used fot 
t^^< cathode. 

I ZUehr. phy. Cbem^ !», 677 (1896). 
■ ZlMAr. Blaklrodum., 4, 8W (1807). 
• J. 1*9$. Oktm^ S, 677 C1S»). 
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It is ■nry remarkable that, aooordiDg to the choice of cathode 
metal, leducmg action can be made to take place to different stages 
of the Bsme depolarizer. Thus with the use of merotuy as an eleo- 
trode, Tafel' waa able to redace nitric acid quantitatdvely to hydroxyl- 
amiae, while with a copper electrode covered with spongy copper 
he was able to reduce it aimoat qnantitatiTely to ammonia. If blank 
copper electrodeB are used, a yield of about 16 per cent of hydroxyl- 
amine may be obtained. It is evident that observatioDs such aa 
these may become of commercial importance. They will be referred 
to again at the end of the chapter on electrolysis and polarization. 

The influence of the anode material on the course of electrolytic 
oxidation processes is shown in the use of platinum and lead perox- 
ide as anodes in the electrolytic regeneration of chromio acid. Only 
when the latter is used is a satisfactory yield obtained. The same 
difference has been observed in the oxidation of hydriodic to perhy- 
driodic acid. According to £. Mullet and Soller* both of Uieae 
oases are examples of the catalytic effect of the cathode material 

Although apparently they do not belong to this discussion, a few 
obeervationB of Luther' will be mentioned. He found that the 
addition of a small quantity of a dissolved substance which exists 
in several difFerent states of oxidation to the oxidizing or reducing 
i^nt being investigated, is without influence upon the potential- 
difference, but facilitates its measurement. Thus with the use of 
platinum electrodes it is difficult to measure the potentiai'difference 
of a chromi-chromate solution, evidently because of the slowness of 
the reaction, — 

CrO," + 8H'+3Q(-):;tCr" + 4H,0. 
By the addition of a small quantity of an iron salt, this difficulty 



the oorrespouding potential-difference is equal to that of the ohromi- 
ohromate solution. Now since the velocity of the reactioa 

Fe" + 9(+)^Fe" 

is comparatively great, the platinum electrode has become to a 

greater extent nnpolarizable. Naturally by means of such an addition 

it is not poBsiUe to obtain a continuous large current of electricity. 

Firan these examples, which might easily be increased* it is suffi- 

^Zttdtr. morff. Ckem., U, 289 (1903). 
*2tKAr. SleJOroehemit, 11, 86S (ISW). 
•ZUehr. phv». Ohtm., S6, 400 (1001). 
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omitly eridflnt that oatalytic influences which an appaimtly insig- 
nifioant produce very considerable eSecta in electr(v«hemiBtTy. It is 
probable that in the future tbtj remarkable dlwoveries may be made 
in this little-inveatigated field. 

GENERAL THEORT OF THE COURSE OF THE EUBCTRO- 

CHEMICAL REACTIONS 

The idea that possibly the process of evaporation may be 
explained by the formation of a layer of saturated vapor directly on 
the Burfaoe of the liquid which gradually diffuses into the surronnd- 
ings, and that the rate of evaporation depends on the rate of this 
diffusion, was first prosented by Stefan.' Somewhat latet, and 
apparently without knowledge of Stefan's work, Noyea and Whit- 
ney* came to an analogous conclusion in studying the velocity of 
solution <tf solid bodies. They found that the latter is proportional 
to the difference in concentration of the saturated solution and that 
of the solution surrounding the body at the time the velocity of 
solution was measured. 

The theory put forward for these two special cases was generalized 
ly Nernst," and in this form it was endeavored to apply it to all 
chemical reactions taking place in heterogeneous systems. Accord- 
ing to the expanded theory, equilibrium always exists at the boundary 
surface of two reacting phases, so that the reaction velocity is deter- 
mined solely by the rate of decrease of the difference between the 
concentration at the surface and that in the interior of the phase. 
If now more comprehensible relations be obtained by reducing the 
thickness of the layer in which the fall in concentration takes place 
to a certain value I by onitable stirring of the solution, then the 
velooil? of reaction is represented by the equation, 

whero D„ represents the diffusion coefiScient, s the contact surface of 
the reacting phases, and C—C the concentratiourdifference involved. 
The viUue of ( is dependent on the temperature, the solvent, and the 
speed of stirring. 
From this theory a number of interesting oondnsions may be 

1 Wied. Ann., 41, 726 (1890). 

* ZtasAr. phf*. Chtn., », 680 (ISffT). 

* Ztaehr. pkg*. OJunt., 47, 62; And aloo Bnuuier, ZMeAr. j>^ (A«a»., 4T, U 

a»M). 
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drawiL The velocity of solutioii of a rod of benzoic acid in pmie 
water would be for a giren surface, temperature, and speed of stir- 
ring, proportloiud to the product of the coefficient of diffoBion and the 
oonoentratioD of the saturated solutdon, i.e. 

U, = oonst. X !>» X C 

In this case C is equal to zero. If now at the same temperature 
and the aanie speed of stirring, a rod of any difBcuItly soluble oxide 
or hydroxide, with a surface equal to that of the rod of benzoic acid, 
be placed in a saturated solution of benzoic acid, then its rate of 
solution will be equal to that of the rod of benzoic acid in pure 
water, i.e. equal to a const. X Do, X O. This must be so, for there is 
always at the surface of the solid oxide a layer of liquid saturated 
with it, i.e. a layer of a solution of hydrogen ions of a very small 
coQcentration oorrespondiog to the slight solubility of the oxide. 
The benzoic acid which diffuses to the surface of the oxide is com- 
pletely neutralized ; its conceutration is thus reduced practically to 
zero. Hence the rate of solution of the oxide is governed by the 
coefficient of diffusion of the benzoic acid d„ and the concentration 
of the saturated solution G (not considering the constant involved). 

Plainly oothing essential is changed if a large rod of some base 
metal such as magnesium be substituted for the rod of oxide. Since 
the concentration of hydrogen ions at the surface of the metal is very 
small, it may be considered to be practically equal to zero. The rate 
of solution of the metal would then depend only on the velocity of 
diffusion of acid to its surface where hydrogen ions lose their 
charges, magnesium ions form, and hydrc^n gas is evolved. As 
above indicated, this is true provided all processes which consbt 
in the simple giving up or taking on of electrical charges by & Bub> 
stance at the boundary Surface between metallic and electrolytic con- 
ductors are like those which consist in mere transition through a 
boundary surface without electrical change, taking place so rapidly 
that equilibrium is constantly maintained at the boundary surface. 
It makes no difference here whether or not the substance goes over 
into another phase, i.e. electrolytic separation and solution, or 
whether or not one of the substances dissolved in the electrolyte is 
transformed into another soluble substance, t.e. real electrolytic 
oxidation and reduction. 

We may proceed a step farther. If the rod used in the above- 
cited case be replaced (other conditions remaining the same) by any 
nnattacked electrode of the same form and size, and if a cathode 
potential be imparted to it such that the coneentratioa of H iim* 
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formed directly at its surface is vety small, titen the electric con^it 
(vhlch can pass only throngli tlie discharging of H ions) is equiT< 
slent to the quantity of H ions famished by the dittosion of the 
acid and the electrolytic transference. The transference of H ions 
can be eliminated by taking a solntion containing a sufficient excess 
of salt The velocity of reaction, that is, the current-strength, must 
then be equal to the velocity of solation of the oxide rod in the same 
acid solution. Hence after a certain cathode potential is reached, 
the current-strength remains constant and independent of a further 
increase of this potential. This holds only within certain limits, i.e. 
until some other process begins also to take place. 

Experimental results which have been obtained are in good agree- 
ment witk this theory. 

In the case of all electrolytic reductions and oxidations for which 
the assumption holds that all reactions coming into consideration 
are very rapid as oompared with the velocity of diffusion, the 
veloci^ of difFusion and the kind of stirring are the chief &otors 
influencing the processes at the electrodes. 

There are also processes which take place at the electrodes which 
not only consist in the giving up or taking on of electric chai^ies, bat 
also are accompanied by pure chemical reactions (in a homogeneooa 
qrstem). Such a reaction is the following : — 

Chinone ^ Hydrochinone.' 

According to the discussion on page 267, we must consider that 
this reaction results- from the disohai^g of hydrogen or hydroxyl 
ions at the electrode, and the reacting of the gas so formed with the 
chinone or the bydrochinone, as the case may be. The latter pure 
chemical reaction, however, proceeds very slowly. In such cases 
the velocity of reduction of chinone or the velocity of oxidation of 
hydrocbinone is independent of the more rapid process of diffusion 
and is charaGteristio of the process in question. It is dependent on 
the character of the depolarizer. Such slow reactions as the oxida- 
tion or reduction reaction just mentioned are often met with in the 
case of organic substances. With such depolarizers hydrogen or 
oxygen is evolved at the electrode at a less current density than it 
is, under otherwise the same conditions, in the case of very active 
depolarizers. 

Even in these latter reactions, it should partioularly be noted that 
it has been assumed that the transference of substances or electrical 

1 Haber and Bum, ZUeAr. pkgB. Cham., «t, StT (IfiH). 
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m from one phase to anothei takes place with infinite ra|adify. 
The fnndamental assnmptioQ of Ifemst therefore still lemains. 
Whethei or not this assumption is antenable in many cases is still 
an open question. As far as the process of electrical chaining or 
discharging is oonoemed, it is probably always rapid, for in 
luHnogeneous systems reactions between ions are generally (always?) 
very rapid. Nerertheless we know of no reason at present why c^ 
necessity it must be rapid There is still less reason for thinking 
that other processes taking place between phases are generally (or 
always) rapid It is known that reactions in homogeneous systems 
often take place slowly, and no reason is apparent why reactions in 
heten^eneons systems may not also take place slowly. 

It is evident that these questions are most intimately related to 
the phenomenon of passivity (see page 275). The assumption of a 
lack of a velocity of ionization made in considering passivity does 
not necessarily contradict the fundamental assumption of I^emst. 
It is quite possible that the transition from the metallic to the 
ionie state may consist, not only of the taking on of an electrical 
oharge, but also of a number of other processes, anj one of which 
by t^ing place slowly may cause the appearance of tjie phenomenon 
of passivity. This latter case is very similar to that of the reactiou, 

Chinone ^ Hydrochinone. 

A further explanation most be left to the future. 

ELEMENTS POSSESSING DOUBLE NATURES 
Although up to the present we have always spoken of substanoea, 
like the metals, which can furnish only positive ions, or of substances, 
like oxygen, which can furnish only negative ions, it is not unreason- 
able to question whether or not a single substance may possess the 
power of forming both negative and positive ions. In the year 
1900 I stated the following in the second edition of this book. 
" There are many indications that such cases exist. Thus if a solu- 
tion of selenous or selenic acid be electrolyzed, a deposition of 
metallic selenium is obtained at the cathode. This indicates the 
existence of positively chai^d selenium ions. On the other hand, 
a study of hydrogen selenide or sodium selenide leads to the con- 
clusion that selenium also forms negative ions. The behavior of 
snlfur and of tellariam is similar to that of selenium, and even in 
the case of the halogens, it is not entirely certain that under all 
oiroomstances they form negative ions." In the meantime Waldeo 
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has oarried <mt condnctivi^ measuremeDts in solventB other than 
water which substantiate this view. He' found that the conduo- 
tivity of liquid sulfur dioxide is considerably increased when 
bromine is dissolved in it, and that of sulfuryl chloride is also 
increased by the addition of iodine. If now we maintain that the 
electrical conductance of solutions is due to the presence of ions, 
then we come to the conclusion that the bromine and iodine in these 
two solutions dissociates according to the equationa, — 

Brj ^ Br" + Br', 
and I,^r + I'. 

Closely related to the question of the possibility td an element 
existing in solution both in the form of positive and of negatiye 
ions is that of the possibilily of one and the same element 
going into solution by being electromotiTely active both as an anode 
and as a cathode. As a matter of fact, this remarkable behavior ia 
exhibited by tellnrium when nsed in a completely symmetrical arrange- 
ment* in an alkali solution. At the anode it goes into solution as 
Te.", irhere x raries between 1 and 2 according to the conditions 
of experiment, and at the cathode as Te"" which unite largely 
with the OH ions to form the complex ion TeO,". This explanation 
at least seems the simplest one offered up to the present time. Al- 
though investigations of other elements have not yet been concluded, 
they appear to behave in a similar manner. 

It is, at all events, of great interest to leam that there is no 
sudden change between "positive" and "negative" elements, but 
rather a gradual transition through a number of elements which 
may be either positive or negative according to oiioumstanoes, i.e. 
thtongh elements which possess double natures. 

> ZUehr. phv: Chem., 48, 3B6 (1908). 

*M.L«BlaiM), ZWAr.£I««r(KA«n.,lI,S18(llN»); hmI IMfSpOBgotlVOO). 



CHAPTER Vm 
HLBCTROLTSia AHD I>OI.ARIZATIOV 

Ths phenomena observed when an eleotrio onrrent is oondaoted 
throagh an electrolyte between inactiTe electrodes, as gold, platinnm, 
carbon, eto., will now be considered. It has long been known that 
the oorrent produces a decomposition of the electrolyte at the elec- 
trodes, and that its eleotromotiT« force is thereby reduced. The 
two facts are evidently related. The performance of an amount of 
work, more or less considerable aecordii^ to citoomstanoes, is neces- 
sary to bring about the decomposition of an electrolyte (as, for 
example, hydrochloric acid into hydrogen and chlorine), and this 
work is done l^ the electric current. When such reduction ot the 
electromotive force occara, polarization is said to take place. The 
phenomenon was formerly very little understood, and it is only 
within the last few decades that its explanation has become possible. 

If a current flows for a time through the above-described arrange- 
ment, and is then interrupted, the two electrodes being oonneoted 
through a galvanometer, it will be observed ths,t an electric current, 
which rapidly becomes weaker, passes between the electrodes in a 
direction opposite to that of the flrat or applied current. This ia 
spoken of as the polarization current, and its electromotive force is 
called the dectromative force of polaruiation. From the following it 
will be evident that this current is derived from the tendency of the 
materials separated in the neutral condition to return to tiie ionic 
condition. 

Ohm's law, applied to a circnit possessing a certain primary 
electr(miotiTe force Vj, and containing a " polarization cell," is rep- 
resented by 



where r, is the electromotive force of polarization, c the oarrentr 
and a the total resistance of the circuit. 
t, Xattiodi of meamrinff Folaritation.^ — As already seen, the olectrO' 

1 For fartlur parUailaT*, aee Ostmld-IiuUiw, Pkydto-eAMtfteht Mnnmtm, 
p.8M. 
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B force of polarizatdoa is not » oonBtaiit, but rapidly diminialies 
when the primaiy electromodre force is removed; its magnitude is 
therefore best determined dohi^ the passage of the primary current. 
The accompanying figure lepreseuta an arrangement vhich may be 
used for the measurement^ 

One circuit is represented "by 1,2, a, 1, and the other by 2, e, b,a,2; 
1 ia the source of the electricity, 2 the polarization cell, « a oompen- 
sation electrconeter, 6 a knovn eleotromotiTe force, vhich m^ be 
altered at will, uid a a tuning fork commutatc^ (or, better, a double 
oommntator driTsn by a motor), vhich Tibiates very rapidly. The 
anangenie&t is such that at a one circuit is opened and the other 
sunnltaneously closed, then the latter opened and the former dosed, 
etc, with each Tibration (tf the tuning fork. The twult is practically 
the same as though both primary and polarization current were inde- 
pendently actiTe. Thas the eleotromotiTe f (n«e of the latter may be 
jneasnred under the game conditions as if the primary dicnit were 
eontinnally dosed. It is only necessary to alter b until the electrom- 
eter shows a oonditaon of equilibrium ; b is then the desired Taloe. 




Ab tiie electromotive force of galvanic elements is due to two or 
more potential-differences, so also in the electromotive force of po- 
larisation two single potential-differenoes are found located at the 
two electrodes. In order to measure them separately, the method of 
Fodis is employed. Its arrangement is shown in Figure 50. A 
double U-tube ia filled with the solution of the electrolyte e whose 
polarization is to be measured, a and b are two indifferent electrodes 
oonneoted with the source Q of the primary or polarizing current 
If the potential-difFerence at & is to be measured, the bent glass tube 
of the normal electrode JV (page 246), filled with normal potassium 
chloride solutioD, is inserted at o in the electrolyte <, and b ie oon- 
neoted with the mercury of the normal deotrode by means of the 
platinam wire of the latter. An element thereby results, a 
1 Le BUnc, Zttehr. phf. Chem., B, 469 (1890). 
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(d two electrodes and two electrolytes, and the electromotive fwoe 
of the combinatioa ig measured by tlie usual apparatus at M, The 
poteDtial-difference between b and e may then be determined by sub- 
traction of the normal electrode potential, and that at the surfaoe 
of contact between the liquids from the total electromotive force. 
For determining the potential-difFerenoe between a and e the process 
is aiia]<%ons, and nsing a primary or pohirizing current, whose 
electromotive force gradually increases from zero, it is observed that 
the electromotive force of polarization is at first very nearly equiva- 
lent to that of the primary current As the latter becomes higher 
Hie former falls gradually away from it in magnitude, nevertheless 
always increasing to some extent. The much-soaght-^tet m^LUnnin 
of polarization does not aetually ez^. 




Deoampontioii Taloei of the EleotromotlTe Foice. The HydiogeB* 
Oxygen CelL Primary and Secondary Deoompontion of Water. — 
There ie another characteristic point for the different electrolytes. 
A continuous current flows and a continaous decomposition only 
takes place when the electromotive force exceeds a certain value. 
If an electromotive force less than the above be impressed, only an 
instantaneous passage of electricity takes place, which may be made 
evident 1^ inserting a galvanometer into the circuit. The needle of 
the galvanometer is at first deflected, but returns very nearly to its 
original position (the effect of secondary disturbing influences will 
be considered later). This does not happen when the applied elec- 
tromotive force has reached the value in question. 

A better view of these relations may be obtained by plotting the 
current on the ordinate and the corresponding electromotive force on 
the abscissa of a co5rdinate system. The curves thus obtained (see 
later, Figure 51) all show a more or less abrupt tumii^ point at 
which the curve changes its direction.' 



> As bM alreadjr been Indicated, the pot«ntial-{all doe to the n 
elecUolfte moit either be avoided or taksn Into oonaidentlon in the oalcuhMJona. 
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Le Blanc detennined the m^nitades of these tUtcompoaition valti«> 
(ot a great many electrolytes, chiefly in Qormal solutions. They 
may be very exactly determiiidd for salts from which a metal is pte- 
oipitated by the cnrtent, but for other salts, as well as for acids and 
alkalies, they are less easily fonnd. The following decomposition 
Talaes were found for salts from which the metal is deposited.' 

ZnSO* = 2.35 volts Cd(NO»), = 1.98 volts 

ZnBr, =1.80 volts CdSO, =2.03 volts 

NiSO« = 2.09 volts CdCl, = 1.88 volts 
NiCl, = 1.86 Tolta 

Pb(NO,),= 1.62 volts C08O4 = 1.92 volts 

A^O, = 0.70 volt CoCl, = 1.78 volts 

The decomposition valaes for sulfotes and nitrates of the same 
metal, as shown by the experiments with cadmium salts and other 
experiments with the alkalies, are nearly equal. As is evident, the 
values for the various metals are different. The conclusion to be 
drawn from the corresponding values for the acids and hoses is that 
there exists a maximum decomposition point, which is exhibited 
by most of the oompoands and exceeded by none. This is about 
1.67 volts. Among the acids, however, several gave values below 
this maximum. The following tables contain the values for acids 
and bases: — 



Sulfuric = 1.67 volts 

Nitric = 1.69 voltB 

Phosphoric = 1.70 voltB 

Monochloracetio . . . . . = 1.72 volts 

Dichloracetic = 1.66 volts 

Malonic =1.69 volts 

Perchloric = 1.66 volts 

Dextrotartarie « 1.62 volts 

Pyrotartario 31 1.67 volts 

Trichloracetic = 1-61 volts 

Hydrochloric 1= 1.31 volts 

Hydrazoic = 1.29 volts 

Oxalic = 0.96 volt 

Hydiobromic = 0.94 vrft 

Hydhodio = 0.62 volt 

1 ZUehr.plitM. Chem., S, 9M (1891). 
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Sodium hydrate 
Potawiom hydrate 
AmiDoaiiim hydiato 
^ n. Methylamine 
1^ n. Diethylaroine 
I n. T^zamethyl 



hydrate 



- 1.67 Tolts 
= 1.74 volts 
= 1.75 ToltB 
=3 1.68 Tolts 
= 1.74 volts 



The alkali and alkali earth s^ts of the highly diasooiated aoida 
with maximum decomposition values, as sulfates and nitrates, have 
Dearly the same deoompositioa point, i.e. about 2.20 volts. The 
chlorides, bromides, and iodides have lower values, independent of 
the nature of the alkali metal. Additivily is exhibited, owing to the 
mutual independence of the potentiol-difEerences prodaced at the two 
electrodes. Diflerencee between the values for the various halt^ien 
oompouuda of the alkalies, hydrogen, and the metale are nearly 
equal ; for example, the difference between hydrochloric and hydro- 
bromic acid is the same as that between sOdium chloride and 
sodium bromide. 

The salt of a slightly dissociated acid, as sodium acetate, or of a 
slightly dissociated base, as ammonium sulfate, always exhibits a 
lower value than that of a highly dissociated acid or base, providing 
the acid and base possess the maximum decomposition value. The 
halogen salts of amuLOnium have lower decomposition values than tiie 
corresponding salts of the alkalies ; and, in fact, the differences 
between correspondii^ salts are equal. 

Concerning the effect of dilution in the case of bases and acids 
which on electrical decomposition evolved oxygen and hydrogen at 
the electrode, the decomposition values are independent of the 
dilution, and this is true for all the acids excepting those whose de- 
composition values are below the maximum. For these, the value 
rises with increasing dilution, and finally reaches the maximum. 
This is very marked in the case of hydrochloric acid. 







] Ntffmal hydrochlorie add 
A Normal hydrochloric add 


IM TOltB 

IM volta 
1.41 volts 
l;83Tdt8 
1.68 voltt 
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It is also irortlLy of note that when the maximum value is reached, 
the acid solation is no longer decomposed into chlorine and hydrogen, 
but into hydrogen and oxygen. 

The abore experiments were carried out with platinnpi eleotrodra. 
If other eleotrodes be naed, as gold or carbon, different numerical values 
are obtained, but the general relatiims between them remain unaltered. 

In order to obtain a better insight into polarization phenomena 
Xjo Blanc' investigated the potential-difference at the electrode 
where the metal is electrolytically deposited (the cathode), when the 
electromotive force of the primary current ie gradually increased 
from zero. He found that the potential-difference at the decomposi- 
tion point is equal to that which the precipitating metal would itself 
exhibit in the solution. For example, a normal solution of cadmium 
sulfate was decomposed at a primary electiomotive force of 2.03 
volts. The potential-difference of the electrode where the cadmium 
separated was, — 

?.-«-.--.«■.-= -0.72. 

Metallic cadmium placed in the solation also gave — 0,72 volt. In 
many solutions the electrode exhibited the potential-difference due 
to the separating metal before the decomposition point of the solu- 
tion is reached. For instance, in silver nitrate tiie electrode had 
the value of pure silver in silver nitrate even below the decomposi- 
tion point (0.70). This is due to the great tendency of the silver 
ions to separate as electrically neutral metaL 

It was also possible to demonstrate that the material of the indif- 
ferent electrodes, providing no alloy ia formed,* is without influence 
upon the magnitude of these potential-differences. The results were 
the same whether gold, platinum, carbon, or any other metal more 
positive than that in solution was used. From this it is evident that 
the electrode itself possesses no "specific attraction" lor the elec- 
tricity, as formerly was imagined. 

The process of precipitation and solution of the metals is, there- 
fore, to be considered as reversibl& It may be represented as fol- 
lows : If an indifferent electrode be placed in the solation of a salt of 
a metal, a very small quantity of the ions leave the ionized state and 
deposit upon the electrode in the metallic form. This process goes 
on until the tendent^ of the ions to deposit in the metallic state is 
exactly compensated by the electrostatic attraotion which exists be- 
tween the positively chafed electrode and the negatively charged 

1 Zttchr. phf». Chem., IS, 3SS (]898>. 

iFoTfDitlieipaitical>n,MeCoehnaDdDamienbag, AfcAr-jiAyt. Che»., IM, 
«0», IWl. 
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BolutioQ. The quantity of ionB deposited is, therefore, dependent 
apon the tendency of the ions to persist in the ionized state. Up 
to the present we hare always spoken of the tendency of the metal 
to pass into the ionized state. Now we will speak, as Datorally we 
may with equal right, of the tendency of the ions to remun aa such. 
To express this exertion of the ions to bold their electrical charges, 
the expression holding power (Haftintensit&t) is often used. Nu- 
merically this holding power is equal to the electromotiTe force 
which is required to deposit an ion in the neutral state. 

A certain potential-difference must, therefore, exist at the elec- 
trode, there being some metal upon it and the corresponding ions in 
the solution. The magnitude of this potential-difference need not 
be, and almost never is, the same as fbnnd when the massive metal 
is in contact with the solution, for the metal deposited upon the elec- 
trode does not reach the concentration of the massive metaL The 
conclusion seems strange at first, for it is customaiy to consider the 
concentratitHi of a metal as unalterable. This is only the case above 
a definite limit. If the metal is not present, at least to the extent 
of a molecular layer, it does not act as the massive metal. This has 
been shown by Oberbeck' and Kdnigsberger and Muller.' When 
the metal of a salt solution was precipitated upon a platinum plate, 
the latter exhibited in the corresponding metal solutions the poten- 
tial-difference characteristic of the massive metal as soon as a certain 
amount had been deposited. Below this point the electrode ex- 
hibited smaller potential-differences corresponding to the lower con- 
centrations of the metaL This fact need not be surprising when it 
is recalled that gases and dissolved substances have solution pres- 
sures dependent upon their concentration. 

If the source of an electromotive force be connected with the 
electrode in such a manner as to tend to separate a metal from the 
eolation, it works against the electrostatic attraction, and more ions 
can separate as metal. The concentration of the metal upon the 
electrode is thereby increased, and consequently also its solutitm 
pressure f, which tends to prevent a farther deposition of the 
metal, and soon entirely prevents it. To deposit more metal it is 
necessary to impress a still greater potential-difference. This con- 
tinues until the maximum concentration of the metal is reached — 
that is, until the electrode acts as the massive metal.-' A continual 
deposition may then take place without further increase- of the ap- 
plied electromotive force, providing, naturally, that the osmotic pres- 

1 WUd. Awn., 81, S86 (1887). 

> PKt». ZtfcAr., fl, B47 and 849 (1906) . 
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nue of the ions F remain nnalteTed. When strong ourrents ate 
used F does not ranuun constant, but gradoally diminishes, and con- 
sequently the potential-differ enoe at the electrode increases. 

It must be observed that the separation of positive ions at one 
electrode aa neutral substance is neoessarily accompanied by the 
simultaneous deposition of the corresponding amount of negative 
ions at the other. Conaiderationa analogous to the above evidently 
apply to the negative electrode. If, for example, oxygen is set free, 
the concentration of the gas gradoally increases; and, when the 
solution is saturated, has its greatest value, and consequently also 
its maximum solntion pressure (which opposes the further deoom- 
positdon of the electrolyte). If more separates, it escapes into the 
air. It will now be miderstood why a certain electromotive force 
is necessary to induce continuous decomposition in an electrolyte ; 
this only occurs when the concentrations of the two substances 
separating at the electrodes have reached their maximum values. 
It is also evident that the electrodes upon which metals are de- 
posited should exhibit the potential characteristic of the massive 
metal when the decomposition point is reached. But it is evi- 
dently unnecessary that these maxima of concentration for both 
electrodes should be reached nmtdtaneoudy; it nay sometimes be 
reached at an electrode before the decomposition point of the solu- 
tion can be attained, as is the case with a silver solution. The 
decomposition point of normal silver nitrate is 0.70 volt, but the 
potential-difference at the electrode upon which silver is deposited 
is of the same magnitude as that between massive silver and the 
solution long before this decomposition value is reached. 

The polarization due to metal ions having been considered, atten- 
tion will now be directed to the phenomena presented when gaseous 
or dissolved substances are separated. These are somewhat more 
complicated, and have greatly increased the difficulty of understand- 
ing the process of polarization. As a simple case, the followii^ cell 
will be considered : — 

Ft (platinized) in hydn^ien — water (with a dis- 
solved electrolyte, such as HjSO,) , 

Ft (platinized) in oxygen ■ 

Consider the two gases to be under atmospheric pressure. 

The cell at 17° has an electromotive force of about one volt, and 
is, as was first shown by Le Blanc, to be considered reversible for 
small current densities. If an equal opposing electromotive force 
be. connected with this cell, a condition of equilibrium eziBts ; when 
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ft lower fllectromotive force ia applied, nter U produced b^ tbe 
oxygen and hydrogen of the cell, aod when the electromotive force 
of the opposing current is greater, mter is decomposed. Smale * 
calcolated the temperature coefBcient of this cell from the Helm- 
holtz formula, using the known heat of formation of water under 
constant presaure (67,034 caL at 17°) aad the measored elecbo- 
motiTe Ibroe as data : — 

«_«_5T*.i 

««U0 X 1.07 - 33767 X 4189 = ar^l 



~966«lx290 dT' 

fi,= -0.00131 
dT 

the subatanoe is emplcyed. Experimental determinations gave as a 
mean value between 0" and 68", 0.00141, and between 0° and 100", 
0.00143 (obtained later by L. Glaser), which is a satisfactory agree- 
ment wilji the oaloolated Talue. 

It has recently been shown* that the electromotive force of the 
faydr(^&-oxygen cell at atmospheric pressure and room temperature 
must be 1.32 volts, a valoe which is considerably higher than that 
obtained by earlier investigators, who, perhaps because of the forma- 
tion of oxides, never succeeded in completely saturatiiig the oxygen 
electrode. The highest value which has been found is 1.14 volts. 
This change in the value of the electromotive force of the cell 
has, however, no influence upon the above calculation, because the 
oeU is capable of producing work reversibly, whatever the pres- 
sures of the gages. 

Furthermore, at high tenpeTatures, tbe agreement between the 
value of the electromotive force calculated from therm'odynamioa^ 
considerations and that found experimentally is very satisfactory.* 

It may now be predicted that if the hydrogen and oxygen, instead 
of being at atmrapherio preasnre, be at a lower pressure, the electro- 
motive force of the cell will be lower. Id fact, if the pressures of 
the gases be reduced almost to zero, the electromotive force will 
nearly disappear. Under such a condition water may evidently be 

I ZtKkr. phyt. Chem., 14, 577 (I8H). 

* See, for example, ZUcAr. phui. Chem., W, 4T3 (ISOB). 

• Haber, Zuekr. Elektrocheutie, IS, 416 (lOM). 
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deoompOBed by cnrrenta of minimimi eleotromcldTe foioe, it being ■ 
only necesaai7 to apply one vMch exceeds that of the cell itself 
by . a veiy small amount. From this it is clear that the electri- 
cal energy obtainable through the fonnation of water from oxygen 
and hydrogen, or necessaiy for its decomposition (the two being 
equal and of opposite sign), may assume any magnitude frtmi zero 
to a certain value dependent ou the pressures of the gases or their 
concentrations. The heata of formation at constant pressure, on the 
other hand, are independent of the pressure, within such limits as 
the gas laws hold. This is the most direct eridenoe that a simple 
relation cannot exist between the beat of reaction and the electrical 
energy obtained. It is, howerer, possible in this case to calculate the 
unonut of one of these two forms of energy from a knowlet^ of the 
other when the changes of the temperature ooeffleieut due to pressure 
changes are known. 

That water may thus be decomposed by minimum quantities of 
electrical ene^y seems at first a contradiction of the law of the cod- 
•erration of ^le^y. This is, howerer, in no wise tiie case. The 
law referred to declares that by the rerersible changes of a system 
from one condition to another, the same amount of work must 
always be done, and this condition exists in the present case. The 
decomposition of water into hydrogen and oxygen at atmospheric 
pressure may be accomplished, on the one hand, by the implication 
of electrical energy alone. A gas cell such as described, the gases 
being under atmospheric pressure, may be used, an opposing electro- 
motivfl force just exceeding that of the cell being connected with it. 
Electrical energy alone then causes the decomposition of the water 
into hydrogen and oxygen at atmospheric pressure. This same 
leeult may, however, be brought about in another way. For instance, 
a bydrogeu-oxygen cell in which the pressure of the gases is one 
tenth atmosphere may be employed. The electromotive force of 
this cell beii:^ lower than the previous one, less electrical energy is 
reqoired to produce the hydrogen and oxygen at the reduced pres- 
sure. But the work which corresponds to the differeuoe between 
the two quantities of electrical energy employed must exactiy suffice 
to compress the gases produced at one tenth atmosphere to the pres- 
sure of (me atmosphere, and tiius the tot^ work in the two cases, 
although done in different ways, has temuned the same. 

When platinized electrodes are used, the formation and the decom- 
position of the water are reversible. At atmospheric pressure water 
may be decomposed by an electromotive force of 1.22 volts. If the elec- 
txodes are not platinized, the electrolysis does not take plaoe until the 
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eleotromotiYe force is 1.67 volts. This is th« maximum value for de- 
oomposition f oand for the acids and bases, hydrogen and oxygen being 
the products. It was long considered surprising that the decomposi- 
tion point in the latter case is so high, notwithstanding the fact that 
only the partial pressure of the atmosphere is exerted upon each of 
the gases. Furthermore, the fact that the decomposition point 
is dependent upon the nature of the indifferent electrode appeared 



These results can nov be understood. In the first place, when 
electrodes such as ordinary platinum or gold ' are employed, the 
process is no longw a reversible one. These electrodes have too feeble 
absorbing power to remove the gases as rapidly as they are formed. 
With platinized electrodes there is equilibrium between the gas 
dissolved in the solution, that dissolved in or ti^en up by the 
electrode, and the volume of gas surrounding the electrode. If the 
applied electromotive force be great enough to overcome that of 
the gas cell, gas separates at the elecbrodes, and thereby its concen- 
tration in the solution as well as in the electrode is increased. The 
former condition of equilibrium is soon reproduced, for the electrode 
yields its excess of gas to the space about it (which is ctmsidered so 
. great that no change in the concentration of this gas in it is pro- 
duced), and in this manner prevents supers aturation of the liquid. 
The gas formed by continued decomposition of the electrolyte thus 
always escapes into a space filled with a gas at constant concentra- 
tion. The generation can therefore always take place under the 
same electromotive force 

The conditions are entirely different when the electrodes are of 
gold or of unplatinized platinum. These have practically no absorb- 
ent action on the gases, and there is thus no medium to bring about 
equilibrium between the solutions of the gases as formed in the cell 
and the gases in the space about the electrodes. Proceeding on this 
assumption, the result of a gradually increasii^; electromotive force 

I If carlKin be used u an electrode, ttie kind of carbon is an important faetor. 
Carbon la capable of taking ap gaaea to a considerable extent, and this propertr 
increaaee its valne as positive eleotrode of a galtanio element. In the Le- 
clauchA element, for example, hydrogen is evolved at the caibon polo, and tba 
property of carbon just mentioned oatuea tbe gas to pas quickly from ttae liquid 
to Uie air, Ihns reducing tbe polarisation at this electrode. For long-oontinned 
aotlvitT of the cell, tbe oarbon is often incapable of remoring the hydrogen with 
BofBoient i^ldity, and polartssation Is the resnlt If the action of the cell be 
•topped tot a time, the bydrogan diasolved in the liquid has an opportimlty to 
•aoape, and Uia element, becoming thns depolarised, again azhibila its tniginal 
' e foree, I.e. It recnperatea. 
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opposing sncli a gas cell would be exactly as observed. Beginning 
with a low electromotlTe force, a scarcely perceptible decomposition 
of water would take place, the ooDcenlxatioiis of the hydrogen and 
oz^en in the water being at first inconsiderable. At each snbse- 
qtient increase of the applied electromotlTe force so much water at 
tiie most may be decomposed that the concentration of the gases in 
solution at the electrodes is made exactly that which would produce 
an equiralent eleotromotiTe force with platinized electrodes. A 
higher concentration of the gases can eridently sot be produced, 
otherwise perpetual motion would be possible. This explains the 
temporary current observed in the galvanometer. Diffusion alone 
causes disturbances, the gases being thereby very slowly removed 
from the electrodes and the concentration reduced so that farther 
decomposition takes place. The galvanometer corroborates this, 
since, after the first deflection, the needle does not return quite to 
its former position. It thus indicates a slight residual current.' 
Upon gradually increasing the electromotive force, the conoeotratiou 
of the separated gases continually increases, nntU finally a point is 
reached at which gas is evolved. The resistance which opposes 
the formation of bubbles, or another passive resistance of an nn- 
known nature which opposes the escape of the gas into the space 
above, is then overcome. When this point has been reached, water 
may be decomposed without causing a further increase in the con- 
centration of the gases dissolved at or in the electrodes. The gases 
are then continually evolved as bubbles, and the so«alled decompoai- 
tiaa point is observed, that is, that point above which vxUer map be 
amtinwxUy decompoted tvithout tlte aid of diffusion. The less the dif- 
fusion of separated substance from the immediate neighborhood of 
the electrode, the more marked is the decomposition point, and in- 
deed often (in the case of metals) the galvanometer exhibits a dearly 
defined sudden rise in the strength of the current at this point. 

However, even this conception does not embrace all actual relation- 
ships. It has been observed that the decomposition point is not 
always identical with the point at which bubbles of gas are formed. 
The latter point, the observation of which is to a large degree sub- 
ject to chance, very often is later than the former. Finally, it has 
been proven that tiie decomposition point is independent of the pres- 
sure.' It must then be assumed that, at the decomposition point, 
the metal is saturated with gas to such an extent that it gives the 
gas (M to the surrounding liquid as rapidly as it is brought ap to 

1 Nenut and Hertiam, Zt»ckr. pAya. CA«m., U, 236 (IMS). 

•WDU,ZU(Ar.]iAv«. Ch«m.,t»,Sl (lOM). 
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the metal by a farther increase of the electromotive force. Thia 
process, which takes place without iDvolving a change in volnme, is 
independent of pressure. Prom this, the degree of the dependence 
of the decompositioa point on the solubility of the separated gas in 
the electrode is reiy erident It is also evident that the greater the 
solulnlity of the gas in the liquid, the farther apart will be the 
decomposition point and the point at which bubbles appear. This 
ooaelnsioD is ooufirmed by experience. 

The great influence of the electrode material is shown by the in- 
▼estigations of Coehn and Dannenberg,* and Caspar!.' The former 
two iavestigatorg determined the deoompoaitioii points at cathodes 
of rarious metals, for the most part, in a normal solution of sulfurio 
acid. If the potential-difference at the reversible platinized plati- 
num electrode be placed equal to zeto^ the results obtained by them 
are as follows : — 



M«^ 




FallAdlnm 

FUUsDiB 


+ 0.29 volt 

-0.00 volt 

O.OSvok 




0.06 volt 








0.U volt 






Alaminlnm 


-0.27 vote 


Mmo-T 


- 0.44 voU 



Only in the case of palladium is the separation of hydrogen facili- 
tated, and this is most certainly due to the formation of an alloy. 
In all the other oases, a considerable retardation or hindrance of the 
separatiot), or in other words a considerable over^ooUage, exists. Thia 
over-Tcdtagc appears to be greatest in the case of tnetals which pos- 
sess the smallest occlusion capacity. 

In the case of the cathodic polarization of metals in a solution of 
potassium hydroxide it was found that the order of, and the difFer- 
ences between, the decomposition voltages are the same as those given 
above. From this it is to be concluded that no alkali-alloy is formed 
at the decompositiDn point, but only a separation of hydrogen takes 
plaoa. lifoicary at no time left its place in the above ladm, and 



> Zfekr. phfi. chm., St, aog (1»01). 
* ZtMAr. pkt*. Chmt., SO, 89 (1800). 
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only when high potsntaal-differenoes are reached ia the phenomenoB 
of diaintegnition ot powdering of the cathode, as in the case of tin 
and lead, which was studied by Haber, Sack,' and Bredig, observableL 
This behavior of tin and lead is explained on the aasnmption of the 
formation of an alkali alloy. 

If, as in Gaapaii's woric, the electromotive force which ia reqaired 
to prodoce a visible evolution of gas be determined, the values will 
be found to be somewhat greater but in the same order as those ia 
the above table. His highest values, obtained with zinc and meronij, 
are — 0.70 and — 0.76 volt, respectively. 

These values are of interest in connection with the chemical solu- 
tion of metals in acids. It may be seen from the table given on 
page 248 that zino tends to separate from a normal solution of 
hydrogen ions with an intensity ctf 0.80 of a volt Therefore, since 
the over-voltage is equal to 0.70 of a volt, zinc dissolves in a solution 
which is nonaal in respect to the hydrc^en and zinc ions only very 
slowly. By increasing the concentration of the zinc ions, as, for 
example, by the addition of zino sulphate, the solution of the zinc 
may be made even slower or brought to a standstill, while by 
increasing the ooncentration of the hydrogen ions, or, what is the 
same thing, of the add, the action may be accelerated. 

Commercial zinc possesses a smaller over-voltage, and therefore is 
more easily dissolved than is pore zinc. If it be amalgamated, it 
dissolves less easily and its over-voltage increases ; while if pure zino 
be amalgamated, the ease with which it dissolves and its over-voltage 
do not suffer any considerable change. 

Not only in the case of hydrogen, but also in that of oxygen, an 
over-voltage which varies with the nature of the electrode (in this 
case the anode) is produced by the separation of the gas. Coehn 
and Osaka,' making use of a normal solution of potassium hydroxide 
as an electrolyte, measured the anode voltage against a constant 
hydrogen electrode which was also in contact with a normal solution 
of potassium hydroxide. The values obtained by them are given in 
the table on the following page. 

It should be noted that the decomposition point in this case is iden- 
tioal with that at which visible evolution of oxygen takes place and 
that the order of the metals is quite different from that in the case of 
the hydrt^n. The results given here indicate that the commercial 
decompositioD of water could be carried out with the least expendi- 
ture of enei^ with the use of nickel electrodes. 

' Ztaehr. anorg. CAem., H, 286 (1908). 
■ ZUdir. awrg. Che^., 34, 86 (IMS). 
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1.47 
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13S 



Even with tlie eame substance used as an anode the decomposition 
value varies with the treatment to which the substance has been 
subjected, i.e. with its previous history. This was mentioned on 
page 296 in reference to carbon. This subject will be further con- 
sidered later on. 

Both bromine and iodine separate reversibly at platinum anodes. 

It may be questioned whether the order of the over-volt^cs ob- 
tained under practically zero-current conditioDS is the same as the 
order which is obtained during electrolysis with a high current 
density. Furthermore, is the latter series of values noticeably higher 
than the former ? These questions have been investigated by Tafel.' 
The maximuiQ values thus far obtained are given in the following 
table. They were obtained at 12° in a 2-normal sulfuric acid 
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^ZUehr. phjiM. Chem., 50, 71S (10D6). The cbange la potential due to Ote 
diange in the conoentmtion of H lona at Oie electiodM is, aa the expeiimeati 
with platlniMd plaUnams ahow, negU^Ue. 
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solution witli a cnmnt detuity maintitiiied oonstant at 0.1 of an 
ampere per sciuare centimeter of electrode surface. The anode see- 
tioD vas separated from the cathode section. 

It should be noted that the value of the over-voltage for a given 
ouiteot density is for many metals dependent on the previous treat- 
ment to which the electrode has been subjected, as for example, upon 
the current density maintained when the cathode was previously 
polarized. The over-voltage of all metals changes slowly as time 
passes. This change and the dependence of Uie potential on specific 
influences is not the same for different metals. An access of the 
anode solution to the cathode compartment generally lowers the 
potential-difference. The maximum value of the potentiaMifFer- 
ence is reached at once with mercury and lead, but very slowly with 
copper, nickel, and gold, and not at all with polished platinum. The 
potential decreases with increasing temperiiture. 

The investigations of FSrster and Mttller, ' and Fijrster and Piguet,' 
of anode potentials in 2-normal potassium hydroxide show relation- 
ships similar to the above. 

Finally, it should be mentioned that E. Muller ' has found that 
the over^voltage at the anode, in the case of platinum, is greatly 
increased by the addition of fluorine ions. It follows from this fact 
and also from the above-mentioned work of Tafel that the over- 
voltage depends also on the nature of the electrolyte. 

According to the explanations already given, the electromotive 
force of the hydrc^n-oxygen cell is dependent upon the concentrar 
tions of the gases, but nearly independent of the nature of the elec- 
trolyte. The electrolyte may almost equally well be an acid or a base. 
The electromotive force is the sum of the potential-differenoes pro- 
duced at the hydrogen and oxygen electrodes. That of the former is 
dependent upon the concentration of the hydrogen ions, that of the 
latter upon the concentration of the hydroxyl ions, for a given con- 
centration of the gases. According to the law of mass action, the 
product of the concentrations of the hydrogen and hydrosyl ions is 
(nearly) always constant without regard toother substances present; 
tiierefore, although the valnes of the single potentiat-differenceB may 
vary considerably on changing the homogeneous solution, their sum 
always remains the same.* 

Leaving out of account metal salt solutions reducible by hydrogoif 

i^tKAr. ElektroeAtm., 8, 627 (1903). 
■ ZocAr. Blektrodt^., 10, 714 (1901). 
*ZUiAr. Slektroehtm., 10, 768 (1904). 
^Por limher pHtdcolMi sM L. Glaaer, ZMcAr. Jnaa{r(MA«m., 4, 8U (1806). 
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and chlorideB, bromides, iodides, etc., reducible by oxygen, the icms 
of water alone take part in the decomposition, instead of tJuwe of the 
dissolved electrolyte, so that with the limitations ^ven, the princifde 
may be expressed : 7n eleetrolyaia a primary deampoaition of the viater 
takes place. The actual electrical conductance is brought about by 
all the ions in the solution, but at the electrode that action takes 
place which proceeds most easily, and this is nsoally the separation 
of the hydrogen and hydroijl ions. When, for example, a solution 
of potassium sulphate is beiog electrolyzed, and the current is not 
too strong, there is no reason for assuming the separation of potas- 
sium and the SO4 radical at the electrodes, and the subsequent or 
secondary action of these upon the water. The fact that every acid 
and base, in so far as they do not possess a lower decomposition 
voltage, decomposes at 1.67 volts can scarcely be otherwise explained 
than by the assumption that in every case the same process takes 
place. If a secondary action, i.e. a separation of the radicals at the 
electrodes and a subsequent reaction of these with the water, takes 
place, it would be expected that the decomposition point would not 
be the same in all cases bat would vary with the velocity of the 
action. In the case of acetic acid, for example, a higher potential 
would be expected, since during electrolysis of it with a strong cur- 
rent only a small quantity of oxygen is found mixed with the gas 
evolved at the anode. The reaction, 

4 CHjCOO' + 2 H,0 = 4 CH.COOH + 0» 

must therefore take place slowly. Whether or not a primary de- 
composition of water takes place when strong currents are used 
evidently depends, for a given concentration, on the velocity of the 
formation of hydrogen and hydroxyl ions from undisaociated water. 
This subject will be touched upon againl 

It should be emphasized that the assumption, made earlier, that 
the ioDS carried to the electrode by the electric current always sep- 
arate on the electrode directly and then react with water or other 
substances does not appear to be in agreement with facts. That 
the conduction of the electric current and the decomposition of 
the electrolyte at the electrodes are not as closely related as was 
formerly supposed la evident from the simple fact that during the 
electrolysis of every electrolyte mora ions are separated at each 
electrode than are brought to it by migration (see page 67). Henoe 
in every case some of the ions originally in the solution near the 
electrodes which have not taken part in the conduction of the current 
are deposited. 
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The foUowii^ oonoeption, vMch has already been mentioned 
liriefly, appears to me to be decidedly preferable to that formerly 
accepted. The conduction of the electric cDTrent and the ohemioal 
changes oi separations at the electrodes are not closely related, j^ 
of the ions tn the aolvtion lake part in the eondtuHon of the detiric ewr- 
rent, hut only thoae iona the separation of tokich require the I«ut expen- 
diture of toork or energy are deposited or separated at tA« electrodea. 
Thus it may happen that ions which conduct scarcely a measurable 
part of the current play the most important part in the chemical de- 
compositions at the electrodes, in so far as they are formed with 
sufficient rapidity. 

The following example is well adapted to show the greater sim- 
plicity of the newer conception. Suppose that a fairly concentrated 
solution of a mixture of potassium, cadmium, copper, and silver salts 
be electrolyzed with a moderate current between platinum electrodes. 
In oondncting the electric current, potassium, cadmium, hydrogen, 
eopper, and silver ions migrate to the cathode. At the cathode, 
from actual experiment, it is known that the silver is first deposited. 
This deposition goes on until the number of silver ions remaining is 
no loiter sufficient for the current densily maintained, when the 
copper begins to separate in the same manner. Following copper, 
eadmiom, and finally hydrogen, is deposited. Is not the simjjest 
conceivable explanation of these experimental results that given in 
the following statement ? 

Hioae tone separate Jlrst whieh give up their ^ectric charges most 
easily. 3%6 other ions mtiat wail their turn in theorderof their ease of 
deposition. The process tabes place smoothly and comprehensively. 

The other conception may now be applied to the same process. 
According to this conception, potassium, indmium, hydrogen, copper, 
and sUver ions separate eiitiuItaDeousIy at the cathode. The potas- 
sium may then set free hydrt^en from the water, cadmium from the 
cadmium salt, copper from the copper salt, and silver from the silver 
salt This must be considered to take place, for the assumption 
cuinot well be made that there is always a particle of silver ready to 
be precipitated in the immediate vicinity of each particle of potas- 
sium. The potassium must then separate those ions of whatever 
kind which happen to be iu its vicinity. Of these substances sepa- 
rated by the potassium, the hydrogen sets free cadmium from the 
cadmium salt, copper from the copper salt, and silver from the silver 
salt. Of this group of separated metals, the cadmium may set free 
copper from the copper salt, and silver from the silver salt. Finally, 
the copper sets free, or deposits, silver from the silver salt. The 
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final leanlt of all tins is that as laag as sufficient silrer is presmt, it 
alone is deposited permanently on tJie cathode. This conoepldon of 
the process of electrolysis certainly cannot be said to be as simple as 
the one given above, and it inTolves the assomption of all these seo- 
ondary reactions which no one has erer observed. The qoestion at 
osoe arises, why make this complicated asanmption when, as has 
been shown, it can, with greater simplicity, be avoided? 

After this discussion, the values obtained during tiie determination 
of the decompoBition voltage with the nae of platinized platinum 
electrodes is easily nnderstood. Those substaocee which decompose 
water will be considered first. Both acids and bases must have the 
same value, since, as already stated, the product of the concentrations 
of the hydrogen and hydroxyl ions at the electrodes, and conse- 
gnently the sum oi the potential-differenoes at the electrodes, is the 
■ same in the two cases. In the case of salts, higher values should be 
obtained, since at the cathode a base is formed whereby the concen- 
tration of the hydroxyl ions is greatly increased, with the conse- 
quent driving back of the concentration of the hydrogen ions and 
increase of the potential-difFerence. A similar line of reasoning 
holds for the anode at which acid is formed, increasing the con- 
centration of the hydr<^en and decreasing that of the hydroxyl ions. 
The leas the dissociation of the acid or base formed, the less the 
increase in the potential-difference. This has been observed to be 
the case. 

Since that ion is always separated at the electrode which requires 
the least electromotive force for its separation, no ions other than 
hydn^en and hydroxyl ions (providing the concentrations of the 
latter are sufficiently great) come into consideration except when the 
electromotive force required for their separation is less than that 
required for the separation of hydrc^en and hydroxyl ions. For this 
reason, the decomposition voltage of the halogen acids, etc., which 
do not cause a separation of oxygen is lower than that of those acids 
which do cause the separation of oxygen. Furthermore, while in 
the case of acids and bases which are decomposed with the separa- 
tioD of hydrogen and oxygen, the decomposition voltage is indepen- 
dent of the concentration (since the product of the concentrations of 
the hydrogen and hydroxyl ions remains the same), in the case of 
the halogen acids tiie decomposition voltage rises with decreasing 
concentration, since an increase in the concentration of the hydro^l 
ions takes place corresponding to the decrease in that of the hydro- 
gen and of the halogen ions, A dilution is finally reached at which 
oxygen is continuously evolved more easily than is the halogen. At 
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this dilutaon, the decomposition voltage u equal to that of water. 
Such a cam has been realized with hydrochloric acid. 

In the foregoing pages the current-volt^e curve of any electrolyts 
has always been discussed as if there existed but a single decomposi- 
tion value which, by means of measurements with an auxiliary eleo- 
to>de, can be divided into an anode and a cathode potential-dlSerence. 
The recentmeasurementsof I<remBt,^Glaser,*Bose,*CoehD (Joe ctf.), 
and others have shown that, when the measurement is more accu- 
rately made, more than one decomposition point may be found under 
certain circumstances. Such measurements may best be made as 
follows : The electrode being investigated^ together with any other 
electrode, a galvanometer, and an electromotive fonse which is 
changeable at will, are introduced into a circuit. The electrode in 
question is, furthermore, combined with an auxiliary nonpolarizable 
electrode. TTow in obtaining the current- (or better, current density-) 
voltage curve, the electromotive forces of the cell, 

Auxiliary electrode — Unknown electrode^ 

are taken as the voltage values. ^Vith this arrangement, tiie nature 
of the third electrode does not come into conaideratlDn because the 
same electromotive force always corresitonds to a definite current 
density (referred to the unknown electrode) for a given solution. By 
making the unknown electrode changeable, it is possible by this 
method to isolate better than formerly the processes which take place 
at the anode and tjie cathode, lespectivdy. It has been possible 
with the use of platinum electrodes to establish two anodic deoom* 
position values, namely, 

£«=1.14 and- 1.67 Tolt^ 

bat only one oathodic value, 

I.'.O.O volt, 

for a 1 normal solution of an acid. 

The question now arises, how can the existence of this lower value 
of the decomposition point of water be explained ? In addition to 
the assumption previously made that the decompositioa potential 
of 1.67 volts is the result of snpersaturation phenomena, and, as 
observed, varies with the material of which the electrode is com- 
posed, it may be stated that even ordinary platinum electrodes pos* 

> Btr., W, 1647 (18B7). *Zt»dtr. ghatrodum., *, 866 (1866). 

■Zt*ekr. Xleetroehtm., ■, 168 (laOS). 



806 A TEXT-BOOK OF ELECTRO-CHEMISTRY 

sees, although a very slight, yet a sufScient degree of reverBibilily t» 
produce a continuous decompoeitioii at 1.14 volte which is diatinctly 
detected by very exact meaeuieinents. The reTerBibility may be due 
to the formation of aji intermediary compoond between oxygen and 
water. The decomposition value of 1.14 volte is that of the rerersi- 
ble rdaotion, 

4 0H'+4 9 (+) ^ 4 OH ^ 2 H^+O,, 

when the oxygen is at atmosphem pressure and the hydzogen kn 
concentration is 1 normal. 

The lower anodic decomposition value then corresponds to a revo- 
aible procees, while the higher value is plainly due to the supersatura- 
tion phenomena. This ie in agreement with the fact that the former 
value is independent* of, and the latter value dependent upon, the 
electrode material. The process corresponding to the value 1.67 
volte may be represented as follows : — 

40H'+ 4 Q (+) 5> 4 OH :^ H^ + 0, -». 0,, 

where 0, repreeente traces of oxygen dissolved to a high concentra- 
tion, and Of, oxygen at atmospheric pressure. The part of the pro- 
cees indicated by the single arrow can proceed in but one direction 
and is accompanied by a loss in free energy. 

It might be expected that metals which exhibit a considerable 
over-voltage in reapect to the eeparation of hydrogen would also give 
a reversible cathodic deoompoeition point at 

It = 0.0 volt 

in a solution of 1 normal concentration in respect to hydrogen 
ione. Up to the preeent time, however, this has not been found to 
be the case. 

It has been endeavored to explain the existence of the two 
deoompoeition values given above in another manner, based partly 
on the assumption, which ie certainly theoretically juetifiable, that 
there are present in the water oxygen as well as hydroxyl ions. In 
this connection see note on page 264. It seems to me that, in order 
to explain this electrolytic phenomenon, it ie not necessary to 
involve the oxygen ions which are present, if at all, in a very small 
concentration. In the case of the electrical phenomenon under coo- 
sideration, it does not appear advisable to involve in the explanati<ai8 

■In view of the liregnlaritlw of the orrgen electrode inentioDed on page SM, 
there eiimot be a complete independence of tlie "^^^^iii of the anode. 
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TOch sligbt concentrations as thoBe of the ions. Hsber * has with 
reason pointed out that there are considerable objections to the 
assumption of even a moderate velooitp^ of formation of ions in the 
ease of such extremely small ion conoentiationa. This point of viev 
most always be taken into oonsideratioQ in reference to dectiolysis. 
If by means of the formation of a complex compound, or otherwise, 
the concentration of an ion falls below a certain value, the separation 
of this free ion at the electrode is no longer to be assumed. Finally, 
the results of tbe experiments of Hofer and Moest ' also lead to the 
assnmption of the discharge of OH ions at the anode. They found 
that, during the electrolysis of such mixtures as that of sodium 
acetate and sodium sulfate, besides ether and carbon dioxide, methyl 
alcohol was formed in considerable quantities at the anode. This 
formation of methyl alcohol can scarcely be explained otherwise 
than on the assumption of a direct union of OH- and GHrradicals. 

By the very recent investigations of Grafenburg/ Brand,* and 
Luther and Inglis * it has been demonstrated that the electromotive 
force of an ozone-hydrogen cell at atmospheric pressure and room 
temperature, using a 1 normal acid solution, is equal to 1.66 volts. 
The cell is, moreover, reversible. Consequently, in the ease of tbe 
anode potential, 

?i= 1.66 volts, 

we have a third oharacteristio point which corresponds to a re- 
versible process and which is also independent of the nature of the 
material of the noble anode. In the case of platinum this point is 
nearly identical with the second decomposition point already 
mentionedt At the present time it is not possible to give a scheme 
representing the electrolytic formation or decomposition of ozone. 

Finally, there is another result obtained in the inveBtigation men- 
tioned OD page 305 which is of great int«rest. It was found that still 
other anode decomposition values may be detected above the value 
1.67 volts. When sulfuric acid, for example, is electrolyzed betwera 
platinum electrodes, four such values have been found, namely, 

^.rt-i»*.-.i«wui. = 114i 1-67; 1.96; and 2.6 volts. 

At each of these points, the electrolysis receives a sudden accelen^ 
tdon. A similar behavior may also be observed in the case of bases. 
These results seem to indicate that other ions besides hydrogen and 

^ZttAr.Sttktroehait., 10, USaadnS (1004). * Dnd. A%»., 9, tn (ISOT). 
■ LMrtgi Ann., S», 304 (ISOS). ■ Zt$ehT. phfi. Ckem^ 4S, 208 (IMS). 

•2tMAr. SUktroelum., B, 297 (1902). 
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hfdro^l iODs take part; in the eteotTOlysis. It vould Beem probable 
that the value 1.95 volts corresponds to that point at which the sulfate 
iona, and the value 2.6 volts to that at which the acid sulfate ious, 
begin to take part in the electrolysis. It may further be concluded 
ttom these resolta that the velocity of formation of hydrogen and 
hydrozyl ions cannot be especially great, for otherwise it would not 
have been possible to find the above decomposition points. This 
leads to the oonolnsion that the hydrogen and oxygen set free l^ 
the action of strong electric cnrrentB is, to a great extent, of second- 
aiy or^n, resnlting from the action of the liberated radicals on the 
water. 

In the following table the values of the anodic decomposition 
voltage, ^ 

(except at the point 1.14 volts) for a niunbei of acids are given: — 





Cm 






Tint 


8Mi(md 


™m 


Mitrio 

Formio 

Aoetlc 

Ptopionlc 

Bu^o 

ValeriMdo 

TurUrifl 

BwiMlO 

FhttuOlc 


2.8 
8.6 
8.6 
8.6 
8.6 
8.6 

Bfttanted 


1.66 
1.67 
1.69 
1.67 
1J8 
WT 
1.67 
1.66 
1.67 
1.98 


1.B8 
1.96 
1.88 
S.DG 
2.80 
2.36 

1.86 
2.00 
LOT 


».18 
2.S 



The aasnmptioa just made that each decomposition voltage, or, 
in other words, each factor of irr^ularity of the current-voltage 
curve, indicates that a new reaction is beginning bo take place is, in 
a way, confirmed by the investigation of Bose (loc cit., Figure 61). Ab 
an electrolyte, he used a 0.966 normal solution of hydrochloria acid 
to which various quantities of potassium bromide had been added. 
When the bromine ion concentration was la^e, he obtained but one 
anode decomposition point, namely, that of the bromine ions. Like- 
wise when the bromine ion concentration was small, only a single 
value was obtuned, this time that of the chlorine ions. Only at a 
definite concentration of the bromine ions (0.001 n. KBr) did he 
obtain both the value for bromine iona and that for chlorine iona 



FBOM HCl oomAnnMo SoLtmova of KBt 

SolTSUt- 0.966 Ha 

Sol. 1-1.0 EBr 

Sal.n-0.lEBr 

Bol.in-0.01KBr 

Bol. IV = 0,001 KBt 

Sol. T-OJUOlEBi lllfl 
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(see the two breaks in carve TV). Between these two taming 
pointa the oorve follows first a vertical, then a moderately upward 
sloping direction, which in many cases becomes completely horizon- 
tal and even may slope 

downward again. It is ^<""^ Cu»»m tob Br akd ci Sn 
assumed that the curve 
follows such a horizontal 
course when the primary 
subBtancQ which is disap- 
pearing dorii^ the elec- 
trolysis is nearly oon- 
sumed at the electrodes.* 
To be sure, it shoiild be 
takes into consideration 
that in these experiments 
the appearance of a new 
turning point in the curve 
is accompanied by the ap- 
pearance of a new phase 
at the electrode, while in 
earlier cases a new phase 
could not be detected. 
The significance of the former taming points is, therefore, not yet 
established with certainty. However, according to Luther and Bris- 
lee' it is possible that in many cases the different turning points do 
not correspond to different processes taking place in the electrolyte, 
but to difFerent changes taking place as time passes on the surface of 
the electrode. This agrees with the remarks made on page 301 in 
regard to the potential of the electrodes. 







DIPOETANCE OF THE DECOMPOSITION VOLTAGE IN MAK- 
ING ELECTROLYTIC SEPARATIONS AND IN PREPARING 
NEW COMPOUNDS 

As already shown, different decomposition points characterize the 
various metals. From this fact it was inferred by Le Blanc that it 
should be possible to quantitatively precipitate' metals one after 
another from their mixed solutions by a gradual increase in the 



) See also the recentl; published 
A«M., U, 377 (1906). 
'ZUehr.phii. Chem., IS, 97 (1893). 
•ZUcAr,phyt. Chem., iS, 216 (1903), 



ivwtlgation of V. Walgert, ZtatAr. BlAtro' 
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eleetromotiTe force of the decomposiog current That this may be 
done has been shown by Freudenberg.* 

If through a solution containing salts of copper and cadmium a 
current be pasBed, the electromotive force of which is insuf^cient for 
the continiious deposition of the cadmium but capable of precipitat- 
ing the copper, the latter metal alone is completely precipitated. 
When all the copper is precipitated the current ceases, it being thus 
unnecessary to pay attention to the electrolysis. The eleetromotiTe 
force necessary for the precipitation of the copper increases with the 
dilution of the solution, according to the formula, 

BT. p 
F = In -pij 

bat since an increase in dilution &om -^ to i,pigjn normal (the 
limit of analytical determinations) causes an increase of less than 
0.3 volt for a monoralent and half as much for a divalent metal, 
this does not hinder the separation if t^e solution pressozes difFer 
moderately from each other. 

After the precipitation of the copper the eleetromotiTe force may 
be increased and the cadmium precipitated. In this way a number 
of separations have become possible, which had not succeeded when 
attention was given to changing the current-strength instead of the 
electromotive force. Id the future this must be kept in mind in all 
processes of electrolysis. Complications may, however, arisethroogh 
the formation of alloys or of chemical compounds, which may pr& 
rent a complete separation. 

Besides the neutral or acid solutions, those of the double com- 
pounds of the metal salt with ammonium oxalate or potassium 

1 It Bhaiild,howeTeT, be Doted that about ten yean ago M.Kllfani called attao- 
tlon to the poaslbility of electroljtto separations bj a gnuUtion of the eleotro- 
motive force, and carried out the separation of silver and copper. He ciune 
Qpon the idea in conBiderlng the heat eSecbi oharaoteridng iudividiia] metals, 
and calculated froDi them the electrical energy necessary for their pfecipltaUou. 
This method of calculation liaa been shown to be Inapplicable, for which rauon, 
and perhaps more especially because of the general uncertainty r^ardlng polor- 
isation oonditlonB Introduced, his work did not reoeire mnch attention. That 
when the eleotiomotiTe fonie is above a certain value a metal may be continooualy 
pie<dpitated from its solution, while below this point only an analytically ne^ 
gible or absolutely nuweighable amount precipitates, was not at that time cloat. 
He opinion was then much more commonly held that even with low eleotn»- 
motive foTcea not inconsiderable qoantitiea of the metal were preoifrftoted, 
according to wbicb view the separation of two metals by a proper regulation 
of the electromotive force appeared as on accident rather than as a neceanry 
result of recognized relations. 
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Ayanide are especially adapted to such separations. In the latter 
many metals can be separated from one another whioh cannot be sep- 
arated in acid solution. Thna in acid solution platinam cannot be 
separated from ^Id, mercury, and silver, i.e. from the metals with 
slightly different solution preesntfis, but is easily separated in potas- 
sium cyanide solution. This depends upon the formation of the com- 
plex salt 2 K', Ft(CN),", the negative iona of which are dissociated 
to an extremely slight extent into Pt"" and 6 CS'. As a result of the 
extremely low concentration of the ions, the platinum cannot be pre- 
cipitated by an eleotromotive force which is sufficient to precipitate 
tiie other metals the ions of which are more numerous. Such arti- 
fices are also often utilized in technical work, as, for example, in the 
electrolytic purification of gold.' If a warm dilute solution of hydro- 
chloric acid be used as the electrolyte, the gold and platinum of the 
anode of impure gold go into solution, but only the gold separates 
at the cathode. The platinum thus becomes aocnmulated in the 
solution in the form of complex ions. 

Previoosly, in the quantitative separation of the metals, only the 
«nrrent-strength was altered. In a mixture o£ zinc, copper, and 
silver salts in acid solution the silver must separate first, since that 
process occurs requiring the least expenditure of work, which is also 
the case even though the electromotive force be very high, provided 
that sufficient silver ions are present at the electrode. In n mltin g 
this statement it is assnmed that the reaction velocities involved are 
sufficiently great. The current must be stopped at the proper 
moment, otherwise the second most easily separated metal wUl be 
precipitated. After silver and copper, hydT<^en follows. To pre- 
cipitate zinc eimultaoeously with the latter from an acid solution, 
the current-strength must be made so great that the hydrogen ions 
present are insufftcient to convey all the electricity from solution to 
electrode, and zinc ions must take part in the process. It is evi- 
dently more rational to choose to regulate the electromotive force 
instead of the current-strength, whenever possible, for then it is 
not necessary to watch over the electrolysis. Until within the last 
few years most electrolytic separations were carried out empirically, 
without knowledge of these theoretical principles. 

mob only the metals, but also the halogens, can, even though not 
directly, be separated in stages by chai^ng the electromotive force. 
For further information in r^ard to these separations, the work of 
Speeketer' and E. Mttller* may be consulted. 

^ZUchr. Eldaroehem., *, an (n9S). * B«r., SI, 960 (190S). 

* ZUehr. Bhetroohtm., 4, 680 (1898) .| 



812 A TEXT-BOOK OF EL£CTRO-CH£MIST&r 

ThuB far in the diBCusHion of the phenunena of polarizatioD at 
tentitm lias been directed chiefly to insoluble electrodes at which 
the products of eleotrolysis, especially hydn^n and oxygen, aie 
separated directly from the solntion. Attention wlU now be given 
to those cases in which the product of electrolysis ~teaots either 
with the electrode itself or with some substance in its vicini^. 
A general idea of soch oases may be obtained from the following 



Whenever the evotation of hydrogen or oxygen at the electrodes 
is prevented, dejxAirizatioH is said to have taken place. D^polaHair 
tion may then ootuist of a reductioa at the anode or of an oxidation 
at the cathode. When the electrodes are thus freed of hydrc^en 
and oxygen, the electromotive force which is required to effect a 
continuous decomposition is less than that required befcffe they 
were freed. This may easDy be shown by a determination of the 
electrode potentials. This decrease is due to the fact that the two 
gases can no longer accumulate to high concentrations at the 
electrodes, but must react with the substance, or depolarizer, in 
question while at a low concentration. The more ene^etio the 
depolarizer (or mixture of depolarizers), the lower is the concentra- 
tion of the hydrogen and oxygen at the electrodes, and consequently 
the lower is the electromotive force required to carry on the elec- 
trolysis. Indeed, in many cases a spontaneous electrolytic process 
results, and the cell, of itself, produces electrical energy. 

The velocity with which the hydrogen and oxygen are consumed 
naturally plays an important part For example, an oxidizing 
agent which, for smaU currents, appears much Stronger than 
another, may for large currents appear much weaker. The follow- 
ing general statement may be made : — 

An oxidizing or a redvcing agent is dectromotively active in propor- 
tion to ita power of reducing the concentration of the aqtarated hydro- 
gen or oxygen. 

The electromotive activity itself is dependent on the concentration 
of the depolarizer at the electrode, and therefore indirectly on the 
rapidity of stirring, the velocity of diffusion, and the current 
density in the case of depolarizers which react rapidly, and on the 
specific character of the depolarizer, catalytic action, and above all, 
on the temperature in the case of depolarizers which react slowly. 
These points have already been touched upon in the disoussou t€ 
electr»«hemical reactions on page 281. 

In the above consideration, it has been assumed that hydrogen 
and oxygen first actually separate and then react with the depolar- 
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izer. In many oaaes thiB may be true, bat in otheis it oertunly 
ifl not tme. For instanoe, if zino is made an anode in a dilute solu- 
tion of Bolfuric acid, it is very improbable that the formation of 
sine iona is the result of a secondary reaction between zino and the 
separated oxygen. It is universally assumed that the zino ions are 
formed directly. The above method of viewing the phenomena of 
depolarization is, however, allowable if it is only desired to obtain 
a clear idea of the formation of potential-difference at the electrodes, 
providing, however, that a state of equilibriam exists, ie. that all 
of the potential -differences existing at the electrode are equal. (See 
also pages 263 to 267.) 

Oxidizing and reduoing agents are extensively used in electrolysis 
on a commercial scale with more or less success in order to decrease 
the electromotive force required and thus to effect a savii^ in 
electrical energy. ^Naturally in this case it is of first importance 
that the cost of the substuioe used as a depolarizer "be not greater 
than the resulting saving in electrical energy. In his well-planned 
process for the refining of copper, Hfipfner makes use of a solution 
of sodium and ferric chlorides. This solution dissolves the oopper 
from its ores in the cuprous state with the simultaneous redaction 
of the ferric to ferrous chloride. This copper-oontainiog solution is 
sent through the cathode compartment of the electrolytic apparatus, 
where the copper is deposited. It is then sent to the anode com- 
partment, where the ferrous iron is oxidized to the original ferric 
state. The solution may now be passed through the same cycle 
agam. By the reducing action of the ferrous chloride at the anode 
tiie separation of chlorine and the corresponding high electromotive 
force is avoided. 

Soluble electrodes are ased to attain the same end, namely, the 
saving of energy. 

The nature of the reacting substances and the conditions of the 
experiment determine which specific reactions will take place in 
any individual case. By the electrolysis of alkali chlorides, for 
instance, it is possible to obtain metal and chlorine, alkali liquor 
and chlorine, hypochlorite, chlorate, or perchlorate. Although con- 
siderable success has already been attained, this is still a field of 
great promise for experimental research. Space in this book ia too 
limited for a consideration of specific cases, hence the student is 
referred to the compilation of F. Ffireter, "Elektrochemie w&sserigen 
Losongen" (1905). Here we must confine oorselves to the more 
general p<Hnt8 of view and their characterization by citation of 
individual cases. 
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Fiom one and the same substance, it is poeaible, eepeoially in 
oi^anic chemistxy, by means of simple oxidation to obtain diflfeient 
nev sabstances vbioh, under comparable ciicnm stances, exhibit 
different oxidation voltages. If now this ordinal substanoe be 
used as a tednciii^ t^ent at the anode, it is evident that, according 
to the magnitude of the applied anode potential, the first, second, 
third, and perhaps still higher oxidation stages of the compound 
may be formed. In such a case the determination of the decompou- 
tion Tolt^es might be of great importance. Each decompositum 
point indicates the beginning of a new reaction. If it is desired to 
exclude the product of one of the reactions, the electrolysis must 
be carried out with aa electromotive force which is less than the 
decomposition voltage which corresponds to this reaction. 

In this manner, Coehn' was able, by passing a stream of acety- 
lene through the anode oompartment during the electrolysis of 
potassium hydroxide nnder an electromotive force which was be- 
tween the first and the second decomposition points, to demonstrate 
that as a matter of fact formic acid may thus be formed quantita- 
tively. Hence in this case the entire electrical work was expended 
in the formation of formic acid. If a higher electromotive force be 
employed, a mixture of substances is obtained, in which carbon 
dioxide, formic acid, and oxygen have been found. 

This method for the preparation of formic acid is of interest in 
that it indicates how a substance may be prepared without the 
formation of troublesome by-products. Unfortunately there is but 
alight probability that this process will become of value commer- 
cially, because with the limited electromotive force, the available 
current density is very small, and therefore the quantity of formic 
acid formed per unit of time is insignificant compared with the size 
of the necessary apparatus. 

Previous to this work of Coehn, other simihir investigations had 
been carried out, especially by Haber.* He succeeded in show- 
ing that by reducing nitrobenzene at a given electrode with the 
use of different constant electromotive forces, different products are 
obtained. 

It is evident that in many oases it is of importance to find some 
means of increasing the potential at which, for a given current 
density, oxygen is evolved. With such a means at hand, it might 
be possible that other oxidations, which are desired, would take 
plaoe for which the previous potential was either qoite too low or at 

1 Zfehr. SMctnehtm., T, 681 (1901). 

■ZttcAr. XIafctPMAan., 4, 606 (18«6) ; Zuckr.pk^. Chew^., W, IDS (IVOO). 
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laut too low fot a good yield ctf the desued coide. Such a means 
has been foimd in tiie form of fluorine iaas. It is a fact that the 
yield of oxidation processes taking place at a platinom anode ia con- 
siderably increased by the presence ot these ions. 

If, after a knowledge of the facts described above has been ob- 
tained, the catalytic inflnence of the electrode material upon the for- 
mation of new substances mentioned on psge 276 be recalled to mind, 
the thoaght is at once suggested that the different potentials existing 
at the electrodes during the passf^ of an electric current is the 
cause of this different or catalytic behavior of the metals. This 
subject is elucidated by the recently published work of Haber 
and Bnss.^ In this work they hare shown that velocity of reduc- 
tion at the surfaces of different metals is very different even for the 
same voltage. The specific influence of the material of the cathode 
plainly foUows as a consequence of this fact. They investigated 
especially the depolarizing action of the substances : — 

Kitrobenzene, p-Kitropbenol, 
Hypochlorite, and Qninhydrone, 
at eleotndes of 

Gold, Platinum, 
Silver, Iron, 
and Nickel. 

Furthermore, they were able to con6nii the peonliat influence whieh 
in many cases the past treatment of an electrode exerts upon the 
electrolytic process. By subiecting an electrode to coutinuous 
cathodic polarization, it may be made " active," i.e. the rapidity of 
depolarization at it may be increased. This increase in activity be- 
comes evident in the following manner : Starting with a definite 
current and a definite electrode potential, such that hydrt^n is 
rapidly evolved, it may be observed that the current increases, the 
potential falls, and the evolution of hydrogen slackens or ceases. 
This active state is very unstable. A short interruption of the cur- 
rent is sufficient to restore the or^nal state of the metal. 

Summing up, the conclusion is reached that the catalytic influence 
of the electrode material, as well as the electromotive force, plays an 
important part in the electrolytic process. This is shown also by 
the recent investigation of Tafel and Naumann* on the electrolytic 
reduction of coffeine and succinic imide. The process can be 
oanied out only with the use of a cathode of cadmium, mercury, 

^ Zttekr. phvi. C?iem.,Vr, 257 (1904). 
* Zaehr. phv$. Chem., M, 713 (1906). 
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or lead. In tbe case of the latter metal, the cathode potential most 
not exceed a certain value. This fact shows clearly the influence td 
potential on the process. The influence of the electrode material is 
shown by the fact that with the same cathode potential the reduoii^ 
action obtained with merouiy is different from that obtained with 
lead. The latter influence also occurs in the process mentioned oa 
page 280, involving PbO,. 

The phenomena of the electrolysis of fused salts are, as shown by 
the investigations of B. Lorenz,* entirely analogous to those of aque- 
ous solutions. 

EleotrolTsii vith an Alternating Cnrrent* — If, instead of a direct 
current, a ^nunetrical alternating current be used, it is at once 
evident that, with so-called reversible electrodes, no change would be 
detected either in the solution of the electrolyte or at the electrodes. 
The change which is produced by the momentary flow of electrifuty in 
one direction is exactly compensated by that prodiTced by the next 
momentary flow in the oppoBite direction. On the other hand, if the 
electrolysis is carried out with such an arrangement as : 

Copper — Acid solution of sodium sulfate — Copper, 

whether or not copper goes into the solution depends upon the rapid- 
ity of alternation. If the current be but slowly alternated, a greater 
or less quantity of copper ions sent into the solution by the momen- 
tary current in one direction is removed from the immediate 
vicinity of the electrode by diffusion or convection so that an insuf- 
ficient quantity of these ions are available at the electrode for 
precipitation by the next momentary flow of electricity in the 
opposite direction, then this deficit is supplied by bydn^n or 
sodium ions. Experiments have shown that for a current density 
of 0.0^ ampere per square centimeter and a frequency of alterna- 
tion of 1000 per minute and higher, only a small per cent of copper 
goes into solution. The same holds for the system, 

Platinum — Sulfuric acid — Platinum. 

> See also Le Blanc and Brode, "The Electroljais ot Fused Sodlom uid 
FotMBium Hydroxides," Ztfchr. Elelctrochem., 9, 6^7 (1902). More detailed 
Infonii&tion will be found in Loren^'a " Die ElektrolyM geachmolzener Salte," 
Yolnmee 90, U, and M of the " MonoErapbien Uber uigewaudte Uektio* 
cbemie," W. Knafip, publisher, Halle, Saxony. 

■ Le Blanc and Schick. Ztaehr. phy*. CAem., 48, S18 (1903) ; A. L6b, 
Zfehr. Elettroehent., IS, 79 (190(t>. The reader is referred aho to the inter- 
eating QxperimentB of Dreohaol, J. prakt. Cheat., 29, 81, and 38, whkb canool 
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In thJB case the quantity of hydrc^n and osygen evolved by an 
alternating current of high frequency is practically equal to zero. 

The relations are quite difEerent when, for instance, two copper 
electrodes are placed in a 4 normal solution of potassium cyanide. 
In this case, with an alternating current of a frequency of 1000 per 
minute, the copper dissolves in the form of cuprous ions almost 
quantitatively, accompanied by the evolution of an equivalent 
quantity of hydrogen. Thus the same results are att^uned as with 
the direct current. As the frequency of the alternating current is 
increased, the quantity of copper dissolved decreases. However, 
when the frequency has reached 38,000 reversals per minute, and 
the current density is 0.046 ampere per square centimeter, the yield 
is still about 33 per cent. 

The most probable explanation of this phenomenon is found in 
the formation of complex substances. Copper ions may unite with 
potassium cyanide, or cyanide ions, to form a complex ion from 
which copper cannot be separated at the cathode. If now the 
reversal of the current is so slow that the copper ions sent into the 
solution by the momentary current in one direction have sufficient 
time to form the complex ion with the cyanide ion, the reverse cur- 
rent cannot redeposlt the copper. The greater the frequency of 
reversal of Uie current, the greater is the per cent of copper sent 
into the solution which will be deposited out again. This offers a 
means of obtaining an idea of the velocity of a reaction between 
ions. Thos the reaction between copper ions and potassium cyanide 
during the electrolysis of a 4 normal solution of potassium cyanide 
between copper electrodes, with a current density of 0.046, is prac- 
tically completed in ^^^ of a minute, while at the end of ^^^ of a 
minute it has not proceeded far enough to be detected. The alter- 
nating current alsd throws some light on the velocity of the forma- 
tion of difficultly soluble precipitates, although in most cases the 
precipitate formed by the current in one direction is complete^ 
decomposed again by that in the opposite direction. 

It will only be mentioned here that with the alternating current 
romarkable passivity phenomena occur. 

Eleotrolydx without Electrodes. — If a platinum cathode be placed 
in a potassium iodide solution and a platinum anode a few milli- 
meters above the solution, and an electric current from a powerful 
electric machine be sent from one electrode to the other, then iodine 
separates at the boundary surface of air and liquid. The quantity 
of iodine which so separates is that required by Faraday's law.' 

) Klnpfel, Dnd. A»n., Ifl, 674 (10D6) ; Qnbkin, WUd. A»*., U, 114 (ISBT). 
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Hence under these fliicnmstanoefl the negatively charged iodine iou 
give Dp their charges to the space occupied by gas or vapor. It is 
possible that these cha^^ pass throngh this space to the anode as 
Iree electrons. If instead of the anode the cathode be placed above 
the solution, the corresponding quantity of potassiom hydroxide is 
formed at the surface of the liquid, accompanied by the evolution ot 
hydrogen gas. If, with this same arrangement of electrodes, a st^ 
tion of a salt of a heavy metal be used, then a separatioD of metsl 
takes place at the snrface. In this case it may be considered that 
the cathode throws off free negative electrons, constitating cathode 
rays. The question then at once arises as to the possibility that 
real cathode rays may have a reducing action on the sorfaoe of elec- 
trolytes. As a matter of fact, Bose * found that, nndei fovorable 
circnni stances, hydrogen is evolved when the surface of a hot 
saturated alkali solution under a vacuum is exposed to the actaon of 
cathode rays. The quantity of hydrogen evolved is, however, con- 
siderably greater than required by Faraday's law. Besides the pure 
electrochemical action another takes plaoe in tiiis case which may be 
ascribed to the kinetic energy of the partiolea of the cathode raya 
It may be shown by calculation that the mechanical energy of the 
cathode rays may, in the most favorable case, produce a much 
greater chemical action than corresponds to the quantity of elec- 
tricity involved. Kow even if by far the greater part of this enei^ 
becomes transformed into heat, the assumption that at least a small 
portion of this energy is consumed in the evolution of detonating 
gas is still plausible. The oxygen gas, which would be expeeted 
under this assumption, is at first dissolved by the electrolyte. It 
may, however, with continued action finally be detected.' 

In the case of the Becquerel rays it is probable that^ due to the 
higher kinetic energy, the dynamical exceeds the purely electro- 
chemical effect to a greater extent than in the case of the cathode rays. 

Deeompodtioii Voltage and Solubility. — That the voluge at which 
the ions of a salt in a 1 normal solution are separated from the 
solution marks the upper limit of the solubility of the salt has been 
pointed out by ITerust.' For example, since the decompoeitioB value 
for iodine ions is 

I. d-.™..-*-**^,.. = + 0.24 volt, 

and that of silver ions is 

> ZUehr. WUi. Phot., S, 228 (1004). 

■It Is alaoMBumed In the cms of ihe formation cd osnettattltaaotlonaf 
the cathode rays Is a purely chemioal one- 8m page 34. 
*Ber.,tC, lUT (1807). 
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t, d«n>i..«-.l«tcBlTU = + 0.49 Tolt, 

silTer iodile could not exist in Bolution to a concentistioa of 1 nor* 
mal, beoaose at. such a ooncentratioQ it would become spontaneoosly 
decomposed ,witli a force of 0.26 of a volt. Heooe in order that 
silveT iodide should be capable of existence, its solubility most 
be exceedingly small. This is in agreement with facts. If the 
solubility be calculated for which the decompoeitioQ voltage is equal 
to zero, t.e. at which the salt juat becomes stable, a ralae is obtained 
which is much la^r than that actually observed. Bodl&nder' states, 
what had already been indicated by Luther, that it is possible to 
calculate exact solubility values if the decompositioQ voltage of the 
Bolid salt be taken into consideration. 

Equilibrium constantly exists between the saturated (but dilute) 
aolutaim of a practically completely dissociated electrolyte and 
the anhydtons solid salt. Then the work which must be done 
during electrolysis in order to discharge the ions is equal to that 
which is required to break up the solid salts into the same con- 
Btitnenta at the same concentration. Hence we may consider the 
decomposition voltage as a measure of the tenacity with which these 
constituents are held together in the solid state. 

TDke decomposition volt^e of the saturated solution is now, at 17% 

I, = 0.0676 l«g(%)^' +0.0576 log ^^V", (1) 

where p^ and v, refer to the cation, t^ And v. to the anion, and P 
represents the equal conoeatratious, expressed in equivalents, of the 
two ions in the saturated salt solution. 

The individual decomposition voltages of the cation L, and of the 
anioQ ?« for an ion concentration of 1 normal is as fdlows;^ 



», = 0.0675 log p/s 
i_ 
r,= 0.06761ogp.^-. 
From (1) and ^) the followii^ is obtained: — 

F. = £, + !!. -0.0675 log P''* ^•. 

If the oaticoL and anion are both univalent^ 

T,-V, = l. 

■ZMAr. phyt. Chem., tl, W (18B6). 



(2) 
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B7 sabstitatiiig this value in (S), the following eqoatioB ie ot> 
tained: — 

»=F, + S,-0.1151ogP. 

In the case of highly diasooiated and slightly solnhle eleotrolytes, 
the value of P represents the aoluhili^. From this quantity^ the 
values of £, and !, b«ng known, the free enezgy v^ which is lib- 
erated during the formatioa of the solid substance from the corre- 
sponding oonstituente may be calculated. Conversely, the quantities, 
T„ If, and ?, being known, the value of P may be calculated. Of 
these quantities, £, and £. are easily determined experimentally, and 
F, may in many cases be taken aa approximately equal to the 
equivalent heat of formation Q, expressed in oaloriea. Henoe 

v^~Qx 4.189, 
9 X 4.189^ _^, 
96540 23045 

Considering the sources of error involved, the calculated valaes are 
in remarkable agreement with those actually observed. 

Finally, attention is called to an empirical rule which holds in 
many cases, and which, further, may be established theoretically by 
deductions from the above equation. It may be stated as fcdlows: — 
77u folubUitg of different salts of the same meted {or of the same 
acid) ie the greater, the greater the tendency of the add radical (or 
metal radical) to pass from the electrically neutral to the ionixed Mate. 
Thus in the case of compounds of the metals, the Bolability iiip 
creases in the order, — 

Iodine, 

Bromine, 

Chlorine, 

and in the oue of the organic acids, in the oidei^^ 

Silver salt, 
Acid, 
Alkali salt 

Beoently, it has been endeavored to bring a large number at pn^ 
Arties into relationship with the decomposition voltages.' 

1 Ab^K aad BcNUioder, Zimskr. anorg. Chen., M, 468 (1800). 



CHAPTER IX 

Sdpflemknt 

storage cells ob accumulators 

Snnnc atorage ceUs are to-day ased to an extraordinary extent to* 
many porposes, a brief presentation of the chemical processes which 
take place in them is here given. 

Storage cells or accumulators are arrangements in which eleotrioal 
energy may be stored as chemical energy, whence it may again 
be obtained at will in the form of electrical energy. Any reversiUe 
cell may be used as an accumulator. If a current be sent throi^h 
a used Daniell element in the direction from copper to zinc, copper 
is dissolved and zinc precipitated ' — in other words, electrical energy 
is stored up in the form of chemical energy. In practice lead 
storage cells are used almost exclusively.' The electrodes consist 
of lead plates coated with a specially prepared layer of lead oxide 
or sulfate^ and the electrolyte is 20 per cent sulfuric acid. When a 
current is sent, through this arrai^ement, lead peroxide (or a cor- 
responding hydrate) is formed on that electrode at which the positive 
electricity enters the acid, while at the other electrode metallio lead 
in spongy form is produced. The storage cell is charged after the 
conduction of sufficient electricity through it. In the discharge 
both the peroxide and the metallic lead return to sulfate. The 
chemical process on charging is then essentially the change of lead 
sulfate to lead at one electrode and to peroxide at the other, while 
the discharge is simply the return of these substances to lead sol- 
fote. The corresponding heat of reaction is given by Streiutz* as 
follows : — 

PbO, + 2H^0, aq. + Pb = 2PbS0« + 2Iifi + aq. + 87,000 oal. 

^ If the electromotive force of the storage cell be calculated tram 

' For puticalan conoemlng the making ft&d um of ■ocainnktots, »t t entloB 
h called to the followlDg works : — 

Helm, " Die Akkumalatoren " (Oskar Leiner, Leipzig). 

Blln, " Die Akkamnlstoren " (Jobaon Ambrodoa Buih, Lstpslg). 
'WUmerJUotuathtfUf. C&«mle, »,2S6 (ISM). 
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the bnomi heat of reaction, assaming complete tranBformatioti into 
electrical energy, 1.885 volt is obtained. This agroes very well with 
the experimentall; determined value for dilute snlf aric acid. From 
this i^reement it also follows that the electromotive force of the 
storage cell is nearly independent of the temperature (page 173), and 
this has also been demonstrated by Streintz. If this shows that 
it is probable, the work of Dolezalek' removes all doabt, that the 
process takes place in the manner indicated. Dolezalek showed 
that the entire behavior of the storage cell is in agreement with the 
reaction equation. He investigated especially the relation between 
the electromotive force and the concentration of the acid, and estab- 
lished the fact that the values calculated from thermodynamical 
considerations agree finely with the values found by experiment, 
and that therefore (for small current densities) the storage cell is 
reversible. These results are in complete agreement with the theory 
, advanced by Le Blanc ' by which the processes taking place in the 
stmage cell were, for the first time, explained with the aid of the 
ionic theory. 

When the storage cell is chained and ready for use, the positive 
electrode is coated with lead peroxide and the negative with spongy 
lead. Between the two electrodes is sulfuric acid. It may be 
assumed that lead peroxide in contact with water forms tetravaleut 
lead ions together with the corresponding hydroxyl ions, and that 
while the cell is in action the tetravalent ions are transformed into 
divalent lead ions. This process is the chief source of the electromotive 
force of the storage ceU. The tetravalent ions which disappear are 
constantly replaced from the solid lead peroxide, and the bivalent 
ions which are formed do not remain in the solution, but since lead 
sulfate is difBcultly soluble, i.e. since the product of the concentra- 
tions of the divalent lead ions and the sulfate ions is a small valu^ 
they combine with the sulfate ions in the aolutiou, forming solid 
lead sulfate. 

At the negaUve pole metallic lead changes into bivalent ions, a 
process taking plaoe without producing any considerable potential 
difference. Here also insoluble lead sulfate is formed from the 

Pb'" and ao;'. 

The ionic theory not only renders clear the changes of peroxide 
and metallic lead into sulfate, but also explains the gradual 
diminution of the electromotive force of the cell in action. While 

1 Wied. Ann., H, 894 (1898), and "Theorie dM Bldakkunolaton,*' W. 
Knapp, Halle, Saxony (1001). 

■ Pint edition ol lUa booh, page 223 (1896). 
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the mignitade of the potential-differflnoe at the positive electrode 
depModB upcm the ooncentration of the qnadtivaleiit and bivalent 
lead ions (see page 250), that of the potential-differenoe at the 
negative electrode depends upon the concoitration of divalent lead 
ions in contact with an excess of metallic lead. The concentration 
of the qnadfivalent ions deoreasea with time, and that of the bivalent 
increases, as may be seen from the following : At the peroxide 
electrode there is a satoiated solnHon of this compound — that is, 
the product of the concentration of Pb " and the fourth power ' of the 
Doncentration of the OH' ions is here constant. On the other hand, 
there must be definite relations between these ims and those of the 
sulfuric acid. The product of the concentration of the H and OH 
ions in the solution must have a constant value equal to that for 
water. It has been seen, in the first place, that durii^ the discharge 
of the cell, lead sulfate is formed at the peroxide electrode, and in 
the second, that newly formed OH ions produced by the peroxide 
cannot exist as such, but must combine with the H ions of the acid 
to form undisBOoiated water. There is thus a continual removal of 
H and SO. ions taking place. The removal of the former allows of 
an increase in the concentration of the OH ions, and therefore causes 
a redaction in that of the quadrivalent lead ions. The removal of 
80, ions permits an increase in the concentration of the Fb" ions, 
since the solution is saturated with lead sulfate. This latter 
process also takes place at the negative electrode. Wien the supply 
of peroxide is exhausted, the electromotive force falls very rapidly to 
an exceedingly low value. 

Aft«r the oell has been disohai^ed, there is lead sulfate on both 
electrodes, consequently bivalent lead iona are present The process 
of chafing consists simply in the change of bivalent lead ions to 
quadrivalent at the electrode at which the positive eleetiricity enters 
tiie solution, and to metallic lead at the other electrode. The Fb" 
ions used are replaced from the solid lead sulfate. The Pb'- ions and 
the OH' ions present, having reached that concentration in the solu- 
tion determined by the dissociation constant for peroxide of lead, 
combine to form this oxide (or a hydrate). Thus the lead sulfate 
at oae electrode gradually changes into peroxide, and into metallic 
lead at the other. The opposing electromotive force of the cell 
increases during the charging, because the processes described as 
taking place during discharge are reversed. The concentration of 
the bivalent lead ions at both electrodes diminishes with time, while 
that of the 80," ions is continually Increasing. The ooncentration of 
> BeoauM four OH Ions correapond to one of tlM lead ions. 
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the Pb" ions increaaos with the inoieaM of H ions fonoed with eqaiv- 
alent qaantitiee of OH ions from the uDdissociated water. Tha 
OH' ioQfl oontiaTially oombine with the Pb" to form peroxide, and 
tbeit ooQoeiitratioQ muBt diminish as that of the hydrogen ions in- 
oreases. The lower the concentration of the OH ions the greater is 
that of the Pb-- ions. If no more bivalent lead ions are present, 
hydrogen ions separate st one electrode and hydrozyl ions at the 
other. Thus the rapid generation of hydrogen and oxygen at the 
electrodes in charging bIiowb that the accumulator is over-eha^ed. 
In order to cause a considerable generation of hydrogen and orygen 
in the cell a somewhat higher electromotive force is required than is 
necessary to charge it, since the separating gases can accumulate to 
high concentrations in the electrodes, or, in other worda, since the 
electrodes possess a considerable over-voltage. When platinum elec- 
trodes are used in sulfuric acid, an electromotive force of two volts is 
sofflcient to produce a rapid evolution of gas. If this was also the 
case in the lead cell, the latter could be chained only with a great 
loss of energy. 

The above theory of the processes which take place in the storage 
oell has received considerable support from the recent work of Elba 
and Bixon,' which has established the fact that acid which has been 
in use in such cells contains comparatively large quantities (as much 
as 0.17 of a gram of Pb(90,)i per liter) of tetravalent lead, and hence 
of tetravalent lead ions. By a special experiment it was proven that 
the equilibrium corresponding to the reaction equation, — 

Pb(SO<), + 2H^^Pb0, + 2 H^O,, 

is attained in about five hours, when a mixture of freshly precipitated 
lead peroxide and sulfuric acid is continuously stirred. The presence 
of the above-mentioned considerable quantity of tetravalent lead in 
the acid furnishes a plausible explanation of the spontaneous dis- 
charge of accumulators. The tetravalent lead m^rates from the 
peroxide electrode, where it is formed, to the spongy lead electrode, 
where it is reduced to the bivalent state. 

It must not, however, be supposed that only the assumed process, 
especially the formation of tetra- or bivalent lead ions at the siiode, 
takes place. According to Liebenow, it is possible that tiie ion 
FbO," is present, and is transformed reversibly into ordinary Pb(^ 
In describing states of equilibrium, as, for example, in measnrements 
of potential, it makes no difference to which of the reactions of tlie 

I Zuchr. KleUroelum., 9, 267 (1903). 
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flqailibrinm the source of the electroiootiTe foroe is aBcribed. Is 
desoribmg the prooesB of electrolysis, however, it ia absolutely neo- 
essary to emphasize the resictioQ in which the greatest quantities 
are involved. Which of the reactions this 1b depends upon the 
respective velocities of reaction, and must be determined for indi- 
vidual cases. In the case in question it appears more in accord with 
facts to give prominence to Fb-', and not to PbOj" ions, because the 
concentration of the latter is insignificant in comparison with that 
of the former. (See also page 307.) 

Of the storage cells nsii^ metals other than lead, the Junger-Edison 
accumulator is the most inteieatii^.' When charged it consists of 
the combination, 

Fe - KOH - mifi,, aq. 

During the chafing and the discharging of the cell, the ftdlowing 
processes take place : — 

Fe + 2 Ni(OH) ^PeCOH) + 2 Ni(OH)„ or 
Pe + Ni,0», « H^ ± r H,O^FeO, m H/) + (NiO),, j) H^. 
Hence in this cell water plays the greatest part in the reaeticm. 
Tor this reason, but little alkali is required in the cell. This is in 
contrast to the lead aoonmulator, in which much sulfuric acid is used. 
The normal initial voltage is 1.36 volts. The value of this storage 
oeU in practical service remains to be determined. 
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>Ell)8, ZtaeAr. Sltitroehem., U, 7S4 (190G) ; QtUeDbeig, Ztadir. Slektro- 
eA«m., 11, 780 (IQOfi) ; Zedner, ZMAr. XUktroehem., 11, SM (1906) ; FOnter, 
ZMkr. Xldctroeh«m.,n, 94S (1906). See also the diHniHloalollowliig the abovs 
papen. 

■ llie calorie (I6° gm-eal.) here Is that reoommended by the IntemaUoual 
CongrBM for Applied Cbemislry M BeiUii, namely, equal to 4.180 xlVeiga 
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ELECTRO-CHEMICAL CONSTANTS (mo page 43) 

M„ represents electrochemical equivalents, or the gnantity or mass 
of sabetanoe in milligrams which is separated hy one ampere-second, 
and 3600 - M^ represents the quantity or mass in grams of various 
anions and cations vhich is separated hj one ampere-honr of elec- 
tricily (= 0.0373 equiv.). 
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NOTATION 

SiNOS there U no reoognized ayatem of notation in electixv 
chemistiT, it has been endeavored in this translation to devise and 
introdace a ayatem of notation vhioh ahall be aimple, and shall avoid 
the difficulty and confuaion often caused by the use of complicated 
or unsystematized notation. While the system given here is 
ordinal as a wbcJe^ yet in nearly eveiy case the individual symbols 
have been need with a aimilar meaning in some other work on 
chemical or electrical science. Hence it will scarcely be necessary 
lot any one at all f amUiar with chemical or electrical literature to 
stady the system. It is also believed that students and general 
readers of the book will experience no difficulty or confusion in 
keeping the notation in mind. 

la devising the system, each class of properties, quantities, etc, 

has been represented by a Soman letter which, while avoiding 

ambignily, readily suggeats the class in question. Thus ooncentrft- 

tion has been represented by the letter C, and dilution by the letter 

D. Whenever the names of two or more claases have the same 

initial letter, the use of a single character to represent them has 

been avoided by the use of small letters, small capitals, and large 

capitals, or of different letters which may be substituted for the 

initial letters without materially affecting the sound of the class 

names. This may be illastrated by the following examples: — 

Concentration (of a gaa) = c 

Current (electric) =0 

Concentration (of a solid or liquid) = O 

Conductance (electrical) = K 

Constant = K 

The class notation adopted is given in the following talde;— 
A . . . Acinrrr. 
B . • • Basicitt. 
o ... Elbotbio Cubbkbt. ( = -■] 
S37 



COKODnuTioir. 

DlFnSKKTAI.. 

Darvsion. 
DiLunoH. 



i-h) 



(4) 



(=^). 



FoBOB. (Faetra or fanotionH/) 
Hbat OB Heat Capacitt. 

El<>CTBICAL COKSTICTAirOB. f a— ,1 

GoiTSTAirT. (Capacity = *). 

Lbnoth, Hkight, Dutahob. 

Mabs OB Wbioht. 

HunBBB. (Normal oonoantntacn ^ iK) 

Fbbssobb. 

Qdahtitt. 

Elbctkioai. Kbsibtahcb. ["-■) 

Gas ADD SoLtm Cokstast. 

SUKTAOB OB CbOSS SbOIIOH. 

BOLUBIUTT. 

TlHB. 

T . . . Tbmfbbatdbb. 
U . . . Yblocitt, 

Taixitcb OB Nuvbbb or Chabcobs or ax Tom, 

ToLinu. 

WOBK. 

Fracttoitai. Pabt. Dbsbxb or Dibsooiatiov. 

It Bhonld be noted that eleotrioal qoaotitiea are in g«neral repro- 
sented b; small capitals. 

The whole system is based on the olaes notatioD jnat c^ven, the 
individnal members of a class being represented by the class letter 
with distingnishing sab letters. This is illustrated by the following 
example: — 

Concentration (general) v C. 

Concentration in grams per liter = Cf 

Concentration in eqairalents per liters C, or €(,. 

Conoentration in mols per liter s= C.. 
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In the cue of conduotaiioe, a different rule hu been followed. 
The vuioos kinds of condnotances have been distangnisbed u 
XOiiows.^ Condnotance (general) bx. 

8peai£o Conductance =&• 

Equivalent Gondactanoe = s- 

SymbolB have been distangnisbed by an underline alao in the 
following cases: — 

Qnantity of Electricity (general) ^q. 
Quantity of Eleotrioity, 96540 coulombs = <). 

Quantity of Heat (general) b Q, 

Quantity of Heat, 1 calorie « ^ 

EleotromotiTe Force (general) b t. 

Single Potential-difference b k. 

The oomplete system of notation is giTot in alphabetiod («der 
in the f<dlowing table: — 
a . . . Acceleration. 
A . . . Acidity. 



«... Concentration of a gas. ( '3* } 

c. Grams per liter. 

C Hols per liter. 

0, Equivalents per liter. 
o . . . Electrio current or correntetrengdL [ ''•) 

O . . . Concentration of a solute. [ » •=. J 

<7, Grams per liter. 

C, Equivalents per liter, 

C. Mols per liter. 
d . . . Differential. 
d . . . Dilution of a gas. [ = -. ] 



Dilution of a solute. 



H) 



Df Volume in liters containing one giun. 

D, Yolume in liters containing one eqaivalent. 

D. Volume in liters containing one moL 



Da, Coefficient. 



£, or ■ Eleotrioal eneig^. 

E^ External energy. 

Bf Free energy. 

S^ Heat energy. 

£>, Internal energy. 

E^ Hefihaaioal energy. 

B, Volume energy. 
f . . . Factor (or function). 
F . , . Force. 

^, or r ElectromotiTe force. 

r, Keferred to the standard oaloinel oeU. 
T) Beferred to tlie standard hjrdrogan cell. 
X Single potential-diffeienoe, 
E> Single potential referred to oalbmel oeU. 
b Single potential referred to hydn^en oelL 
I, or (sf) Single potential at unit conoenbatum. 

JF^ Uechanioal force (pressure). 
H . . .. Heat or heat capacity. 

B, Electric^ heat effect (Joule's hett etEeot). 

Sr Heat of reaction. 

Hi Heat of dissociation. 

H, Heat of neutralization. 
k . . . Eleotrieal capacity. 
K . . . Electrical conductance. r 

S Specific oonduotanofl or oondiiBtiTitj'. 

£ Equivalent conductance. 
K . . . Constant. 

K^ Cell ooDBtant. 

Kt DiBBOciation constant 

K, Equilibrium constant. 

Kb Dielectric constant 

K, Solubility obnatant 

K, Velocity constant 
I . . . Lei^th, height, or distance. 
«... Mass or ireight of a gas. 

m^ Atomic mass in grams (gram-atom or atom). 

Mb Holeoolai mass in grams (gram-mol or nud). 
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Mass or weight of a aolato, liquid or solid. 

M^ Atomic masB in grama (gram-atom or atom). 

M^ Equivalent mass in grams (gram-equivalent or 
equivalent). 

if, Ion mass in grams (gram-ion or ion). 

J^ Holecolar mass in grams (gram-mol or mol). 
Number. 

n. Transference namber for anions ( = 1 — n,). 

n. Transference number for cations ( = 1 — «,). 

n, Number of iona farmed from one molecule of an 
electrolyte. 

n„ Number of molecules formed from one molecule. 
Normal concentration. 
Pressure of a gas. 
Electrolytic solution pressure. 
Pressure of a solute, i.e. sdute or osmotio pressure. 
Quantity of magnetism. 
Qoaotity of electricity. 

S EleotnHsliemiciJ unit of qoantity of electricity, i^ 
96540 coulombs. 
Quantity of heat. 
Q Quantity of beat required to raise the temperature 

of one gram of vater one d^ree, i.e. 1 calorie. 
Internal electrical resistance of cells. 
Eleotrioal resistaoce. External resistaooe of » oironit 
Gas or solute constant. {= ^> ] 
Snrface or cross section. 
Solubilily. 

Temperature, centigrade wal& 
Time. 

T^ Time in days. 

T( Time in hours. 

T. Time in minotes. 

T, Time in seconds. 
Temperature, absolute scale. 
Migration velocity of iona. 

TJ, Of anions. 

V. Of cations. 
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Velocity of solution. 

Velocity of reaction. 

Volume of a. gas. 

Valence. Nnmber of electrical ohaigea o& an ioo. 

Volame of a liquid or solid. 

Work. 

IT. HedumicaL 

W. Electrical. 

W„ Osmotic 
Fractional part. Degree of dissociation. 
Fractional change. 

A, Dae to temperature chai^ of one degieei 



/ 
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